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BINDERS AND MATERIALS MADE
THEREWITH

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. application Ser.
No. 12/976,379, filed Dec. 22, 2010, which 1s a continuation

of U.S. application Ser. No. 11/493,080, filed Jul. 26, 2006
(now U.S. Pat. No. 7,888,445), which claims the benefit under
35 U.S.C. §119 (e) of U.S. Provisional Application Ser. No.
60/702,456, filed Jul. 26, 2005, and U.S. Provisional Appli-
cation Ser. No. 60/743,071, filed Dec. 22, 2005, the disclo-
sures of which are hereby incorporated herein by reference 1n

their entirety:.

BACKGROUND

Binders are useful in fabricating materials from non or
loosely assembled matter. For example, binders enable two or
more surfaces to become umted. Binders may be broadly
classified 1into two main groups: organic and inorganic, with
the organic materials being subdivided into those of animal,
vegetable, and synthetic origin. Another way of classifying
binders 1s based upon the chemical nature of these com-
pounds: (1) protein or protein derivatives; (2) starch, cellu-
lose, or gums and their dervatives; (3) thermoplastic syn-
thetic resins; (4) thermosetting synthetic resins; (35) natural
resins and bitumens; (6) natural and synthetic rubbers; and (7)
inorganic binders. Binders also may be classified according to
the purpose for which they are used: (1) bonding rigid sur-
faces, such as, rigid plastics, and metals; and (2) bonding
flexible surfaces, such as, tlexible plastics and thin metallic
sheets, among others.

Thermoplastic binders comprise a variety of polymerized
materials such as polyvinyl acetate, polyvinyl butyral, poly-
vinyl alcohol, and other polyvinyl resins; polystyrene resins;
acrylic and methacrylic acid ester resins; cyanoacrylates; and
various other synthetic resins such as polyisobutylene polya-
mides, courmarone-1dene products, and silicones. Such ther-
moplastic binders may have permanent solubility and fusibil-
ity so that they creep under stress and soften when heated.
They are used for the manufacturing various products, for
example, tapes.

Thermosetting binders comprise a variety of phenol-alde-
hyde, urea-aldehyde, melamine-aldehyde, and other conden-
sation-polymerization materials like the furane and polyure-
thane resins. Thermosetting binders may be characterized by
being transformed into 1nsoluble and 1nfusible materials by
means of either heat or catalytic action. Binder compositions
containing phenol-, resorcinol-, urea-, melamine-formalde-
hyde, phenolfurturaldehyde, and the like are used for the
bonding of textiles, plastics, rubbers, and many other mate-
rials.

As indicated above, binders are useful in fabricating mate-
rials from non or loosely assembled matter. Accordingly,
compositions capable of functioning as a binder are desirable.

SUMMARY

Cured or uncured binders 1n accordance with an illustrative
embodiment of the present invention may comprise one or
more of the following features or combinations thereof. In
addition, materials 1n accordance with the present invention
may comprise one or more of the following features or com-
binations thereof:
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Initially 1t should be appreciated that the binders of the
present mnvention may be utilized 1n a variety of fabrication
applications to produce or promote cohesion 1n a collection of
non or loosely assembled matter. A collection includes two or
more components. The binders produce or promote cohesion
in at least two of the components of the collection. For
example, subject binders are capable of holding a collection
of matter together such that the matter adheres 1n a manner to
resist separation. The binders described herein can be utilized
in the fabrication of any material.

One potential feature of the present binders 1s that they are
formaldehyde free. Accordingly, the materials the binders are
disposed upon may also be formaldehyde free, (e.g. fiber-
glass). In addition, the present binders may have a reduced
trimethylamine content as compared to other known binders.

With respect to the present binder’s chemaical constituents,
they may include ester and/or polyester compounds. The
binders may include ester and/or polyester compounds in
combination with a vegetable oil, such as soybean o1l. Fur-
thermore, the binders may include ester and/or polyester
compounds 1n combination with sodium salts of organic
acids. The binders may include sodium salts of 1norganic
acids. The binders may also include potassium salts of
organic acids. Moreover, the binders may include potassium
salts of morganic acids. The described binders may include
ester and/or polyester compounds 1n combination with a clay
additive, such as montmorillonite.

Furthermore, the binders of the present invention may
include a product of a Maillard reaction. For example, see
FIG. 2. As shown 1n FIG. 2, Maillard reactions produce mel-
anoidins, 1.¢., high molecular weight, furan ring and nitrogen-
containing polymers that vary in structure depending on the
reactants and conditions of their preparation. Melanoidins
display a C:N ratio, degree of unsaturation, and chemical
aromaticity that increase with temperature and time of heat-
ing. (See, Ames, J. M. 1n “The Maillard Browning Reaction—
an update,” Chemistry and Industry (Great Britain), 1988, 7,
558-361, the disclosure of which 1s hereby incorporated
herein by reference). Accordingly, the subject binders may be
made via a Maillard reaction and thus contain melanoidins. It
should be appreciated that the subject binders may contain
melanoidins, or other Maillard reaction products, which
products are generated by a separate process and then simply
added to the composition that makes up the binder. The mel-
anoidins 1n the binder may be water-insoluble. Moreover, the
binders may be thermoset binders.

The Maillard reactants to produce a melanoidin may
include an amine reactant reacted with a reducing-sugar car-
bohydrate reactant. For example, an ammonium salt of a
monomeric polycarboxylic acid may be reacted with (1) a
monosaccharide in its aldose or ketose form or (11) a polysac-
charide or (111) with combinations thereof. In another varia-
tion, an ammonium salt of a polymeric polycarboxylic acid
may be contacted with (1) a monosaccharide in 1ts aldose or
ketose form or (11) a polysaccharide, or (111) with combina-
tions thereof. In vet another variation, an amino acid may be
contacted with (1) a monosaccharide 1n its aldose or ketose
form, or (1) with a polysaccharide or (111) with combinations
thereof. Furthermore, a peptide may be contacted with (1) a
monosaccharide 1n its aldose or ketose form or (1) with a
polysaccharide or (111) with combinations thereof. Moreover,
a protein may be contacted with (1) a monosaccharide 1n 1ts
aldose or ketose form or (11) with a polysaccharide or (111) with
combinations thereof.

It should also be appreciated that the binders of the present
invention may include melanoidins produced in non-sugar
variants of Maillard reactions. In these reactions an amine
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reactant 1s contacted with a non-carbohydrate carbonyl reac-
tant. In one 1illustrative variation, an ammonium salt of a
monomeric polycarboxylic acid 1s contacted with a non-car-
bohydrate carbonyl reactant such as, pyruvaldehyde, acetal-
dehyde, crotonaldehyde, 2-furaldehyde, quinone, ascorbic
acid, or the like, or with combinations thereof. In another
variation, an ammonium salt of a polymeric polycarboxylic
acid may be contacted with a non-carbohydrate carbonyl
reactant such as, pyruvaldehyde, acetaldehyde, crotonalde-
hyde, 2-turaldehyde, quinone, ascorbic acid, or the like, or
with combinations thereof. In yet another illustrative varia-
tion, an amino acid may be contacted with a non-carbohy-
drate carbonyl reactant such as, pyruvaldehyde, acetalde-
hyde, crotonaldehyde, 2-turaldehyde, quinone, ascorbic acid,
or the like, or with combinations thereof. In another 1llustra-
tive variation, a peptide may be contacted with a non-carbo-
hydrate carbonyl reactant such as, pyruvaldehyde, acetalde-
hyde, crotonaldehyde, 2-turaldehyde, quinone, ascorbic acid,
or the like, or with combinations thereof. In still another
illustrative vanation, a protein may contacted with a non-
carbohydrate carbonyl reactant such as, pyruvaldehyde,
acetaldehyde, crotonaldehyde, 2-furaldehyde, quinone,
ascorbic acid, and the like, or with combinations thereof.

The melanoidins discussed herein may be generated from
melanoidin reactant compounds. These reactant compounds
are disposed 1n an aqueous solution at an alkaline pH and
therefore are not corrosive. That 1s, the alkaline solution pre-
vents or inhibits the eating or wearing away of a substance,
such as metal, caused by chemical decomposition brought
about by, for example, an acid. The reactant compounds may
include a reducing-sugar carbohydrate reactant and an amine
reactant. In addition, the reactant compounds may include a
non-carbohydrate carbonyl reactant and an amine reactant.

It should also be understood that the binders described
herein may be made from melanoidin reactant compounds
themselves. That 1s, once the Maillard reactants are mixed,
this mixture can function as a binder of the present invention.
These binders may be utilized to fabricate uncured, formal-
dehyde-free matter, such as fibrous materials.

In the alternative, a binder made from the reactants of a
Maillard reaction may be cured. These binders may be used to
fabricate cured formaldehyde-iree matter, such as, fibrous
compositions. These compositions are water-resistant and, as
indicated above, include water-insoluble melanoidins.

It should be appreciated that the binders described herein
may be used in manufacturing products from a collection of
non or loosely assembled matter. For example, these binders
may be employed to fabricate fiber products. These products
may be made from woven or nonwoven {ibers. The fibers can
be heat-resistant or non heat-resistant fibers or combinations
thereof. In one illustrative embodiment, the binders are used
to bind glass fibers to make fiberglass. In another illustrative
embodiment, the binders are used to make cellulosic compo-
sitions. With respect to cellulosic compositions, the binders
may be used to bind cellulosic matter to fabricate, for
example, wood fiber board which has desirable physical
properties (€.g., mechanical strength).

One embodiment of the mnvention 1s directed to a method
for manufacturing products from a collection of non- or
loosely assembled matter. One example of using this method
1s 1n the fabrication of fiberglass. However, as indicated above
this method can be utilized 1n the fabrication of any material,
as long as the method produces or promotes cohesion when
utilized. The method may include contacting the fibers with a
thermally-curable, aqueous binder. The binder may include
(1) an ammonium salt of a polycarboxylic acid reactant and
(1) a reducing-sugar carbohydrate reactant. These two reac-
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tants are melanoidin reactants (1.e. these reactants produce
melanoidins when reacted under conditions to 1nitiate a Mail-
lard reaction.) The method can further include removing
water from the binder 1n contact with the fibers (1.e., the
binder 1s dehydrated). The method can also include curing the
binder 1n contact with the glass fibers (e.g. thermally curing
the binder).

Another example of utilizing this method 1s 1n the fabrica-
tion of cellulosic materials. The method may include contact-
ing the cellulosic material (e.g., cellulose fibers) with a ther-
mally-curable, aqueous binder. The binder may include (1) an
ammonium salt of a polycarboxylic acid reactant and (11) a
reducing-sugar carbohydrate reactant. As indicated above,
these two reactants are melanoidin reactant compounds. The
method can also include removing water from the binder 1n
contact with the cellulosic material. As before, the method
can also 1include curing the binder (e.g. thermal curing).

One way of using the binders 1s to bind glass fibers together
such that they become organized into a fiberglass mat. The
mat of fiberglass may be processed to form one of several
types of fiberglass materials, such as fiberglass msulation. In
one example, the fiberglass material may have glass fibers
present in the range from about 80% to about 99% by weight.
The uncured binder may function to hold the glass fibers
together. The cured binder may function to hold the glass
fibers together.

In addition, a fibrous product 1s described that includes a
binder 1n contact with cellulose fibers, such as those 1n a mat
of wood shavings or sawdust. The mat may be processed to
form one of several types of wood fiber board products. In one
variation, the binder 1s uncured. In this variation, the uncured
binder may function to hold the cellulosic fibers together. In
the alternative, the cured binder may function to hold the
cellulosic fibers together.

Additional features of the present invention will become
apparent to those skilled 1n the art upon consideration of the
following detailed description of illustrative embodiments
exemplilying the best mode of carrying out the mnvention as
presently perceived.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a number of illustrative reactants for produc-
ing melanoidins;

FIG. 2 1llustrates a Maillard reaction schematic when react-
ing a reducing sugar with an amino compound;

FIG. 3 shows the FT-IR spectrum of an 1llustrative embodi-
ment of a dried binder of the present disclosure;

FIG. 4 shows the FT-IR spectrum of an illustrative embodi-
ment of a cured binder of the present disclosure;

FIG. § shows the 630° F. hot surface performance of a
fiberglass pipe insulation material fabricated with an 1llustra-
tive embodiment of a binder of the present disclosure;

FIG. 6 shows the 1000° F. hot surface performance of a
fiberglass pipe insulation material fabricated with an 1llustra-
tive embodiment of a binder of the present disclosure.

DETAILED DESCRIPTION

While the invention 1s susceptible to various modifications
and alternative forms, specific embodiments will herein be
described 1n detail. It should be understood, however, that
there 1s no 1tent to limit the invention to the particular forms
described, but on the contrary, the intention 1s to cover all
modifications, equivalents, and alternatives falling within the
spirit and scope of the invention.
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Asused herein, the phrase “formaldehyde-iree” means that
a binder or a material that incorporates a binder liberates less
than about 1 ppm formaldehyde as a result of drying and/or
curing. The 1 ppm 1s based on the weight of sample being
measured for formaldehyde release.

Cured indicates that the binder has been exposed to condi-
tions to so as to imtiate a chemical change. Examples of these
chemical changes include, but are not limited to, (1) covalent
bonding, (11) hydrogen bonding of binder components, and
chemically cross-linking the polymers and/or oligomers 1n
the binder. These changes may increase the binder’s durabil-
ity and solvent resistance as compared to the uncured binder.
Curing a binder may result 1n the formation of a thermoset
material. Furthermore, curing may include the generation of
melanoidins. These melanoidins may be generated from a
Maillard reaction from melanoidin reactant compounds. In
addition, a cured binder may result in an increase in adhesion
between the matter 1n a collection as compared to an uncured
binder. Curing can be 1mitiated by, for example, heat, electro-
magnetic radiation or, electron beams.

In a situation where the chemical change in the binder
results 1n the release of water, e.g. polymerization and cross-
linking, a cure can be determined by the amount of water
released above that would occur from drying alone. The tech-
niques used to measure the amount of water released during
drying as compared to when a binder 1s cured, are well known
in the art.

In accordance with the above paragraph, an uncured binder
1s one that has not been cured.

As used herein, the term “alkaline” indicates a solution
having a pH that 1s greater than or equal to about 7. For
example, the pH of the solution can be less than or equal to

about 10. In addition, the solution may have a pH from about
7 to about 10, or from about 8 to about 10, or from about 9 to
about 10.

As used herein, the term “ammonium” includes, but 1s not
limited to, *NH,, *NH,R', and *NH,R'R”, where R' and R”
are each independently selected in *NH,R 'R, and where R"
and R* are selected from alkyl, cycloalkyl, alkenyl, cycloalk-
enyl, heterocyclyl, aryl, and heteroaryl.

The term “alkyl” refers to a saturated monovalent chain of
carbon atoms, which may be optionally branched; the term
“cycloalkyl” refers to a monovalent chain of carbon atoms, a
portion of which forms a ring; the term ““alkenyl” refers to an
unsaturated monovalent chain of carbon atoms including at
least one double bond, which may be optionally branched; the
term “cycloalkenyl” refers to an unsaturated monovalent
chain of carbon atoms, a portion of which forms a ring; the
term “heterocyclyl” refers to a monovalent chain of carbon
and heteroatoms, wherein the heteroatoms are selected from
nitrogen, oxygen, and sulfur, a portion of which, including at
least one heteroatom, form a ring; the term *“aryl” refers to an
aromatic mono or polycyclic ring of carbon atoms, such as
phenyl, naphthyl, and the like; and the term “heteroaryl™
refers to an aromatic mono or polycyclic ring of carbon atoms
and at least one heteroatom selected from nitrogen, oxygen,
and sulfur, such as pyridinyl, pyrimidinyl, indolyl, benzox-
azolyl, and the like. It 1s to be understood that each of alkyl,
cycloalkyl, alkenyl, cycloalkenyl, and heterocyclyl may be
optionally substituted with independently selected groups
such as alkyl, haloalkyl, hydroxyalkyl, aminoalkyl, carboxy-
lic acid and dernivatives thereot, including esters, amides, and
nitriles, hydroxy, alkoxy, acyloxy, amino, alkyl and dialky-
lamino, acylamino, thio, and the like, and combinations
thereot. It 1s further to be understood that each of aryl and
heteroaryl may be optionally substituted with one or more
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independently selected substituents, such as halo, hydroxy,
amino, alkyl or dialkylamino, alkoxy, alkylsultonyl, cyano,
nitro, and the like.

As used herein, the term “polycarboxylic acid” indicates a
dicarboxylic, tricarboxylic, tetracarboxylic, pentacarboxylic,
and like monomeric polycarboxylic acids, and anhydrides,
and combinations thereot, as well as polymeric polycarboxy-
lic acids, anhydrides, copolymers, and combinations thereof.
In one aspect, the polycarboxylic acid ammonium salt reac-
tant 1s suificiently non-volatile to maximize 1ts ability to
remain available for reaction with the carbohydrate reactant
of a Maillard reaction (discussed below). In another aspect,
the polycarboxylic acid ammonium salt reactant may be sub-
stituted with other chemical functional groups.

I[lustratively, a monomeric polycarboxylic acid may be a
dicarboxylic acid, including, but not limited to, unsaturated
aliphatic dicarboxylic acids, saturated aliphatic dicarboxylic
acids, aromatic dicarboxylic acids, unsaturated cyclic dicar-
boxvylic acids, saturated cyclic dicarboxylic acids, hydroxy-
substituted derivatives thereot, and the like. Or, illustratively,
the polycarboxylic acid(s) itself may be a tricarboxylic acid,
including, but not limited to, unsaturated aliphatic tricarboxy-
lic acids, saturated aliphatic tricarboxylic acids, aromatic tri-
carboxylic acids, unsaturated cyclic tricarboxylic acids, satu-
rated cyclic tricarboxylic acids, hydroxy-substituted
derivatives thereol, and the like. It1s appreciated that any such
polycarboxylic acids may be optionally substituted, such as
with hydroxy, halo, alkyl, alkoxy, and the like. In one varia-
tion, the polycarboxylic acid 1s the saturated aliphatic tricar-
boxylic acid, citric acid. Other suitable polycarboxylic acids
are contemplated to include, but are not limited to, aconitic
acid, adipic acid, azelaic acid, butane tetracarboxylic acid
dihydride, butane tricarboxylic acid, chlorendic acid, citra-
conic acid, dicyclopentadiene-maleic acid adducts, diethyl-
enetriamine pentaacetic acid, adducts of dipentene and
maleic acid, ethylenediamine tetraacetic acid (EDTA), fully
maleated rosin, maleated tall-o1l fatty acids, fumaric acid,
glutaric acid, 1sophthalic acid, itaconic acid, maleated rosin
oxidized with potassium peroxide to alcohol then carboxylic
acid, maleic acid, malic acid, mesaconic acid, biphenol A or
bisphenol F reacted via the KOLBE-Schmidt reaction with
carbon dioxide to mtroduce 3-4 carboxyl groups, oxalic acid,
phthalic acid, sebacic acid, succinic acid, tartaric acid, tereph-
thalic acid, tetrabromophthalic acid, tetrachlorophthalic acid,
tetrahydrophthalic acid, trimellitic acid, trimesic acid, and the
like, and anhydrides, and combinations thereof.

Ilustratively, a polymeric polycarboxylic acid may be an
acid, for example, polyacrylic acid, polymethacrylic acid,
polymaleic acid, and like polymeric polycarboxylic acids,
copolymers thereof, anhydrides thereof, and mixtures

thereof. Examples of commercially available polyacrylic
acids include AQUASET-529 (Rohm & Haas, Philadelphia,

Pa., USA), CRITERION 2000 (Kemira, Helsinki, Finland,
Europe), NF1 (H. B. Fuller, St. Paul, Minn., USA), and
SOKALAN (BASF, Ludwigshaten, Germany, Europe). With
respect to SOKALAN, this 1s a water-soluble polyacrylic
copolymer of acrylic acid and maleic acid, having a molecu-
lar weight of approximately 4000. AQUASET-529 1s a com-
position containing polyacrylic acid cross-linked with glyc-
crol, also containing sodium hypophosphite as a catalyst.
CRITERION 2000 1s an acidic solution of a partial salt of
polyacrylic acid, having a molecular weight of approximately
2000. With respect to NF1, this 1s a copolymer containing
carboxylic acid functionality and hydroxy functionality, as
well as units with neither functionality; NF1 also contains
chain transfer agents, such as sodium hypophosphite or orga-
nophosphate catalysts.
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Further, compositions including polymeric polycarboxvlic
acids are also contemplated to be useful 1n preparing the
binders described herein, such as those compositions
described in U.S. Pat. Nos. 5,318,990, 5,661,213, 6,136,916,
and 6,331,350, the disclosures of which are hereby 1ncorpo-
rated herein by reference. In particular, in U.S. Pat. Nos.
5,318,990 and 6,331,350 an aqueous solution of a polymeric
polycarboxylic acid, a polyol, and a catalyst 1s described.

As described 1n U.S. Pat. Nos. 5,318,990 and 6,331,350,
the polymeric polycarboxylic acid comprises an organic
polymer or oligomer containing more than one pendant car-
boxy group. The polymeric polycarboxylic acid may be a
homopolymer or copolymer prepared from unsaturated car-
boxylic acids including, but not necessarily limited to, acrylic
acid, methacrylic acid, crotonic acid, 1socrotonic acid, maleic
acid, cinnamic acid, 2-methylmaleic acid, itaconic acid,
2-methylitaconic acid, a,p-methyleneglutaric acid, and the
like. Alternatively, the polymeric polycarboxylic acid may be
prepared from unsaturated anhydrides including, but not nec-
essarilly limited to, maleic anhydride, 1itacomic anhydride,
acrylic anhydride, methacrylic anhydride, and the like, as
well as mixtures thereof. Methods for polymerizing these
acids and anhydrides are well-known 1n the chemaical art. The
polymeric polycarboxylic acid may additionally comprise a
copolymer of one or more of the aforementioned unsaturated
carboxylic acids or anhydrides and one or more vinyl com-
pounds including, but not necessarilly limited to, styrene,
a-methylstyrene, acrylonitrile, methacrylonitrile, methyl
acrylate, ethyl acrylate, n-butyl acrylate, 1sobutyl acrylate,
methyl methacrylate, n-butyl methacrylate, 1sobutyl meth-
acrylate, glycidyl methacrylate, vinyl methyl ether, vinyl
acetate, and the like. Methods for preparing these copolymers
are well-known 1n the art. The polymeric polycarboxylic
acids may comprise homopolymers and copolymers of poly-
acrylic acid. The molecular weight of the polymeric polycar-
boxylic acid, and 1n particular polyacrylic acid polymer, may
be 1s less than 10000, less than 5000, or about 3000 or less.
For example, the molecular weight may be 2000.

As described 1n U.S. Pat. Nos. 5,318,990 and 6,331,350,
the polyol (1n a composition including a polymeric polycar-
boxylic acid) contains at least two hydroxyl groups. The
polyol should be suificiently nonvolatile such that i1t waill
substantially remain available for reaction with the polymeric
polycarboxylic acid 1n the composition during heating and
curing operations. The polyol may be a compound with a
molecular weight less than about 1000 bearing at least two
hydroxyl groups such as, ethylene glycol, glycerol, pen-
tacrythritol, trimethylol propane, sorbitol, sucrose, glucose,
resorcinol, catechol, pyrogallol, glycollated ureas, 1,4-cyclo-
hexane diol, diethanolamine, triethanolamine, and certain
reactive polyols, for example, p-hydroxyalkylamides such as,
for example, bis[IN,N-di(3-hydroxyethyl)]adipamide, or 1t
may be an addition polymer contaiming at least two hydroxyl
groups such as, polyvinyl alcohol, partially hydrolyzed poly-
vinyl acetate, and homopolymers or copolymers of hydroxy-
cthyl(meth)acrylate, hydroxypropyl(meth)acrylate, and the
like.

As described 1n U.S. Pat. Nos. 5,318,990 and 6,331,350,
the catalyst (in a composition including a polymeric polycar-
boxylic acid) 1s a phosphorous-contaiming accelerator which
may be a compound with a molecular weight less than about
1000 such as, an alkal1 metal polyphosphate, an alkali metal
dihydrogen phosphate, a polyphosphoric acid, and an alkyl
phosphinic acid or 1t may be an oligomer or polymer bearing,
phosphorous-containing groups, for example, addition poly-
mers of acrylic and/or maleic acids formed 1n the presence of
sodium hypophosphite, addition polymers prepared from eth-
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ylenically unsaturated monomers in the presence ol phospho-
rous salt chain transier agents or terminators, and addition
polymers containing acid-functional monomer residues, for
example, copolymerized phosphoethyl methacrylate, and
like phosphonic acid esters, and copolymerized vinyl sulfonic
acid monomers, and their salts. The phosphorous-containing
accelerator may be used at a level of from about 1% to about
40%, by weight based on the combined weight of the poly-
meric polycarboxylic acid and the polyol. A level of phos-
phorous-containing accelerator of from about 2.5% to about
10%, by weight based on the combined weight of the poly-
meric polycarboxylic acid and the polyol may be used.
Examples of such catalysts include, but are not limited to,
sodium hypophosphite, sodium phosphite, potassium phos-
phite, disodium pyrophosphate, tetrasodium pyrophosphate,
sodium tripolyphosphate, sodium hexametaphosphate,
potassium phosphate, potassium polymetaphosphate, potas-
sium polyphosphate, potassium tripolyphosphate, sodium tr1-
metaphosphate, and sodium tetrametaphosphate, as well as
mixtures thereof.

Compositions including polymeric polycarboxylic acids
described in U.S. Pat. Nos. 5,661,213 and 6,136,916 that are
contemplated to be usetul 1n preparing the binders described
herein comprise an aqueous solution of a polymeric polycar-
boxylic acid, a polyol containing at least two hydroxyl
groups, and a phosphorous-containing accelerator, wherein
the ratio of the number of equivalents of carboxylic acid
groups, to the number of equivalents of hydroxyl groups is
from about 1:0.01 to about 1:3

As disclosed 1n U.S. Pat. Nos. 5,661,213 and 6,136,916,
the polymeric polycarboxylic acid may be, a polyester con-
taining at least two carboxylic acid groups or an addition
polymer or oligomer contaiming at least two copolymerized
carboxylic acid-functional monomers. The polymeric poly-
carboxylic acid 1s preferably an addition polymer formed
from at least one ethylenically unsaturated monomer. The
addition polymer may be in the form of a solution of the
addition polymer in an aqueous medium such as, an alkali-
soluble resin which has been solubilized 1n a basic medium; in
the form of an aqueous dispersion, for example, an emulsion-
polymerized dispersion; or in the form of an aqueous suspen-
sion. The addition polymer must contain at least two carboxy-
lic acid groups, anhydride groups, or salts thereof.
Ethylenically unsaturated carboxylic acids such as, meth-
acrylic acid, acrylic acid, crotonic acid, fumaric acid, maleic
acid, 2-methyl maleic acid, itaconic acid, 2-methyl itaconic
acid, a,3-methylene glutaric acid, monoalkyl maleates, and
monoalkyl fumarates; ethylemically unsaturated anhydrides,
for example, maleic anhydride, itaconic anhydride, acrylic
anhydride, and methacrylic anhydride; and salts thereof, at a
level of from about 1% to 100%, by weight, based on the
weight of the addition polymer, may be used. Additional
cthylenically unsaturated monomer may include acrylic ester
monomers including methyl acrylate, ethyl acrylate, butyl
acrylate, 2-ethylhexyl acrylate, decyl acrylate, methyl meth-
acrylate, butyl methacrylate, 1sodecyl methacrylate,
hydroxyethyl acrylate, hydroxyethyl methacrylate, and
hydroxypropyl methacrylate; acrylamide or substituted acry-
lamides; styrene or substituted styrenes; butadiene; vinyl
acetate or other vinyl esters; acrylonitrile or methacryloni-
trile; and the like. The addition polymer containing at least
two carboxylic acid groups, anhydride groups, or salts thereof
may have amolecular weight from about 300 to about 10,000,
000. A molecular weight from about 1000 to about 250,000
may be used. When the addition polymer 1s an alkali-soluble
resin having a carboxylic acid, anhydride, or salt thereof,
content of from about 5% to about 30%, by weight based on
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the total weight of the addition polymer, a molecular weight
from about 10,000 to about 100,000 may be utilized Methods
for preparing these additional polymers are well-known 1n the
art.

As described 1n U.S. Pat. Nos. 5,661,213 and 6,136,916,
the polyol (1n a composition including a polymeric polycar-
boxylic acid) contains at least two hydroxyl groups and
should be sufficiently nonvolatile that 1t remains substantially
available for reaction with the polymeric polycarboxylic acid
in the composition during heating and curing operations. The
polyol may be a compound with a molecular weight less than
about 1000 bearing at least two hydroxyl groups, for example,
cthylene glycol, glycerol, pentaerythritol, trimethylol pro-
pane, sorbitol, sucrose, glucose, resorcinol, catechol, pyro-
gallol, glycollated ureas, 1.4-cyclohexane diol, diethanola-
mine, triethanolamine, and certain reactive polyols, for
example, B-hydroxyalkylamides, for example, bis-[IN,N-di
(p-hydroxyethyl)]adipamide, bis|N,N-di{p-hydroxypropyl)]
azelamide, bis|N—N-di(f-hydroxypropyl)]adipamide, bis
[N—N-di(p-hydroxypropyl)]glutaramide, bis|[IN—N-di([3-
hydroxypropyl)|succinamide, and  bis[N-methyl-N-([3-
hydroxyethyl)Joxamide, or 1t may be an addition polymer
containing at least two hydroxyl groups such as, polyvinyl
alcohol, partially hydrolyzed polyvinyl acetate, and
homopolymers or copolymers of hydroxyethyl(meth)acry-
late, hydroxypropyl(meth)acrylate, and the like.

As described 1n U.S. Pat. Nos. 5,661,213 and 6,136,916,
the phosphorous-containing accelerator (in a composition
including a polymeric polycarboxylic acid) may be a com-
pound with a molecular weight less than about 1000 such as,
an alkali metal hypophosphite salt, an alkali metal phosphite,
an alkali metal polyphosphate, an alkali metal dihydrogen
phosphate, a polyphosphoric acid, and an alkyl phosphinic
acid or 1t may be an oligomer or polymer bearing phospho-
rous-containing groups such as, addition polymers of acrylic
and/or maleic acids formed 1n the presence of sodium hypo-
phosphite, addition polymers prepared from ethylenically
unsaturated monomers in the presence of phosphorous salt
chain transier agents or terminators, and addition polymers
containing acid-functional monomer residues such as, copo-
lymerized phosphoethyl methacrylate, and like phosphonic
acid esters, and copolymerized vinyl sulfonic acid mono-
mers, and their salts. The phosphorous-containing accelerator
may be used at a level of from about 1% to about 40%, by
weight based on the combined weight of the polyacid and the
polyol. A level of phosphorous-containing accelerator of
from about 2.5% to about 10%, by weight based on the

combined weight of the polyacid and the polyol, may be
utilized.

As used herein, the term “amine base” includes, but 1s not
limited to, ammonia, a primary amine, i.e., NH,R', and a
secondary amine, i.e., NHR'R?, where R' and R* are each
independently selected in NHR'R?, and where R* and R” are
selected from alkyl, cycloalkyl, alkenyl, cycloalkenyl, het-
erocyclyl, aryl, and heteroaryl, as defined herein. Illustra-
tively, the amine base may be substantially volatile or sub-
stantially non-volatile under conditions sufficient to promote
formation of the thermoset binder during thermal curing.
I[llustratively, the amine base may be a substantially volatile
base, such as, ammonia, ethylamine, diethylamine, dimethy-
lamine, and ethylpropylamine. Alternatively, the amine base
may be a substantially non-volatile base, for example, aniline,
1 -naphthylamine, 2-naphthylamine, and para-aminophenol.

As used herein, “reducing sugar” indicates one or more
sugars that contain aldehyde groups, or that can 1somerize,
1.€., tautomerize, to contain aldehyde groups, which groups
are reactive with an amino group under Maillard reaction
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conditions and which groups may be oxidized with, for
example, Cu*” to afford carboxylic acids. It is also appreci-
ated that any such carbohydrate reactant may be optionally
substituted, such as with hydroxy, halo, alkyl, alkoxy, and the
like. It 1s further appreciated that in any such carbohydrate
reactant, one or more chiral centers are present, and that both
possible optical 1somers at each chiral center are contem-
plated to be mncluded 1n the invention described herein. Fur-
ther, 1t 1s also to be understood that various mixtures, includ-
ing racemic mixtures, or other diastereomeric mixtures of the
various optical isomers ol any such carbohydrate reactant, as
well as various geometric 1somers thereof, may be used in one
or more embodiments described herein.

As used herein, the term “fiberglass,” indicates heat-resis-
tant fibers suitable for withstanding elevated temperatures.
Examples of such fibers include, but are not limited to, min-
eral fibers, aramid fibers, ceramic fibers, metal fibers, carbon
fibers, polyimide fibers, certain polyester fibers, rayon fibers,
and glass fibers. Illustratively, such fibers are substantially
unaffected by exposure to temperatures above about 120° C.

FIG. 1 shows examples of reactants for a Maillard reaction.
Examples of amine reactants include proteins, peptides,
amino acids, ammonium salts of polymeric polycarboxylic
acids, and ammonium salts of monomeric polycarboxylic
acids. As 1illustrated, “ammonium™ can be [TNH,].,
[*"NH,R']., and [*NH,R'R*]., where x is at least about 1.
With respect to *“NH,R'R>, R' and R* are each independently
selected. Moreover, R' and R* are selected from alkyl,
cycloalkyl, alkenyl, cycloalkenyl, heterocyclyl, aryl, and het-
croaryl, as described above. FIG. 1 also 1llustrates examples
of reducing-sugar reactants for producing melanoidins,
including monosaccharides, 1n their aldose or ketose form,
polysaccharides, or combinations thereof. Illustrative non-
carbohydrate carbonyl reactants for producing melanoidins
are also shown 1n FIG. 1 and include various aldehydes, e.g.,
pyruvaldehyde and furtural, as well as compounds such as
ascorbic acid and quinone.

FIG. 2 shows a schematic of a Maillard reaction, which
culminates in the production of melanoidins. In 1ts 1nitial
phase, a Maillard reaction involves a carbohydrate reactant,
for example, a reducing sugar (note that the carbohydrate
reactant may come from a substance capable of producing a
reducing sugar under Maillard reaction conditions). Thereac-
tion also mvolves condensing the carbohydrate reactant (e.g.,
reducing sugar) with an amine reactant, 1.e., a compound
possessing an amino group. In other words, the carbohydrate
reactant and the amine reactant are the melanoidin reactants
for a Maillard reaction. The condensation of these two con-
stituents produces an N-substituted glycosylamine. For a
more detailed description of the Maillard reaction see,
Hodge, J. E. Chemistry of Browning Reactions in Model
Systems J. Agric. Food Chem. 1933, 1, 928-943, the disclo-
sure of which 1s hereby incorporated herein by reference. The
compound possessing a free amino group 1n a Maillard reac-
tion may be present in the form of an amino acid. The free
amino group can also come from a protein where the free
amino groups are available 1n the form of, for example, the
e-amino group of lysine residues, and/or the a-amino group
of the terminal amino acid.

Another aspect of conducting a Maillard reaction as
described herein 1s that, initially, the aqueous Maillard reac-
tant solution (which also 1s a binder), as described above, has
an alkaline pH. However, once the solution 1s disposed on a
collection of non or loosely assembled matter, and curing 1s
initiated, the pH decreases (i.e., the binder becomes acidic). It
should be understood that when fabricating a material, the
amount of contact between the binder and components of
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machinery used 1n the fabrication i1s greater prior to curing,
(1.., when the binder solution 1s alkaline) as compared to
alter the binder 1s cured (1.e. when the binder 1s acidic). An
alkaline composition is less corrosive than an acidic compo-
sition. Accordingly, corrosivity of the fabrication process 1s
decreased.

It should be appreciated that by using the aqueous Maillard
reactant solution described herein, the machinery used to
tabricate fiberglass 1s not exposed as much to an acidic solu-
tion because, as described above, the pH of the Maillard
reactant solution is alkaline. Furthermore, during the fabrica-
tion the only time an acidic condition develops 1s after the
binder has been applied to glass fibers. Once the binder 1s
applied to the glass fibers, the binder and the matenal that
incorporates the binder, has relatively infrequent contacts
with the components of the machinery as compared to the
time prior to applying the binder to the glass fibers. Accord-
ingly, corrosivity of fiberglass fabrication (and the fabrication
of other matenals) 1s decreased.

Without being bound to theory, covalent reaction of the
polycarboxylic acid ammonium salt and reducing sugar reac-
tants of a Maillard reaction, which as described herein occurs
substantially during thermal curing to produce brown-col-
ored nitrogenous polymeric and co-polymeric melanoidins of
varying structure, 1s thought to ivolve 1nitial Maillard reac-
tion of ammonia with the aldehyde moiety of a reducing-
sugar carbohydrate reactant to afford N-substituted glycosy-
lamine, as shown 1n FI1G. 2. Consumption of ammonia in such
a way, with ammonia and a reducing-sugar carbohydrate
reactant combination functioning as a latent acid catalyst,
would be expected to result in a decrease in pH, which
decrease 1s believed to promote esterification processes and/
or dehydration of the polycarboxylic acid to afford its corre-
sponding anhydride dernivative. At pH<"/, the Amador1 rear-
rangement product of N-substituted glycosylamine, 1.e.,
1 -amino-1-deoxy-2-ketose, would be expected to undergo
mainly 1,2-enolization with the formation of furfural when,
for example, pentoses are involved, or hydroxymethyliur-
tural when, for example, hexoses are involved, as a prelude to
melanoidin production. Concurrently, contemporaneously, or
sequentially with the production of melanoidins, esterifica-
tion processes may occur involving melanoidins, polycar-
boxylic acid and/or 1ts corresponding anhydride derivative,
and residual carbohydrate, which processes lead to extensive
cross-linking. Accompanied by sugar dehydration reactions,
whereupon conjugated double bonds are produced that may
undergo polymerization, a water-resistant thermoset binder 1s
produced consisting of polyester adducts interconnected by a
network of carbon-carbon single bonds. Consistent with the
above reaction scenario 1s a strong absorbance near 1734
cm™' in the FT-IR spectrum of a cured binder described
herein, which absorbance is within the 1750-1730 cm™' range
expected for ester carbonyl C—O vibrations. The afore-men-
tioned spectrum 1s shown i FIG. 4.

The following discussion 1s directed to (1) examples of
carbohydrate and amine reactants, which can be used 1n a
Maillard reaction and (11) how these reactants can be com-
bined. First, it should be understood that any carbohydrate
and/or compound possessing a primary or secondary amino
group, that will act as a reactant in a Maillard reaction, can be
utilized in the binders of the present invention. Such com-
pounds can be 1dentified and utilized by one of ordinary skall
in the art with the guidelines disclosed herein.

With respect to exemplary reactants, 1t should also be
appreciated that using an ammonium salt of a polycarboxylic
acid as an amine reactant 1s an effective reactant 1n a Maillard
reaction. Ammomium salts of polycarboxylic acids can be
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generated by neutralizing the acid groups with an amine base,
thereby producing polycarboxylic acid ammonium salt
groups. Complete neutralization, 1.¢., about 100% calculated
on an equivalents basis, may eliminate any need to titrate or
partially neutralize acid groups 1n the polycarboxylic acid(s)
prior to binder formation. However, 1t 1s expected that less-
than-complete neutralization would not inhibit formation of
the binder. Note that neutralization of the acid groups of the
polycarboxylic acid(s) may be carried out either before or
alter the polycarboxylic acid(s) 1s mixed with the carbohy-
drate(s).

With respect to the carbohydrate reactant, 1t may include
one or more reactants having one or more reducing sugars. In
one aspect, any carbohydrate reactant should be sufliciently
nonvolatile to maximize its ability to remain available for
reaction with the polycarboxylic acid ammonium salt reac-
tant. The carbohydrate reactant may be a monosaccharide in
its aldose or ketose form, including a triose, a tetrose, a
pentose, a hexose, or a heptose; or a polysaccharide; or com-
binations thereoi. A carbohydrate reactant may be a reducing
sugar, or one that yields one or more reducing sugars in situ
under thermal curing conditions. For example, when a triose
serves as the carbohydrate reactant, or 1s used 1n combination
with other reducing sugars and/or a polysaccharide, an aldot-
riose sugar or a ketotriose sugar may be utilized, such as
glyceraldehyde and dihydroxyacetone, respectively. When a
tetrose serves as the carbohydrate reactant, or 1s used 1n com-
bination with other reducing sugars and/or a polysaccharide,
aldotetrose sugars, such as erythrose and threose; and
ketotetrose sugars, such as erythrulose, may be utilized.
When a pentose serves as the carbohydrate reactant, or 1s used
in combination with other reducing sugars and/or a polysac-
charide, aldopentose sugars, such as ribose, arabinose,
xvylose, and lyxose; and ketopentose sugars, such as ribulose,
arabulose, xylulose, and lyxulose, may be utilized. When a
hexose serves as the carbohydrate reactant, or i1s used in
combination with other reducing sugars and/or a polysaccha-
ride, aldohexose sugars, such as glucose (1.e., dextrose), man-
nose, galactose, allose, altrose, talose, gulose, and 1dose; and
ketohexose sugars, such as fructose, psicose, sorbose and
tagatose, may be utilized. When a heptose serves as the car-
bohydrate reactant, or 1s used 1n combination with other
reducing sugars and/or a polysaccharide, a ketoheptose sugar
such as sedoheptulose may be utilized. Other stereoisomers
of such carbohydrate reactants not known to occur naturally
are also contemplated to be useful 1n preparing the binder
compositions as described herein. When a polysaccharide
serves as the carbohydrate, or 1s used 1n combination with
monosaccharides, sucrose, lactose, maltose, starch, and cel-
lulose may be utilized.

Furthermore, the carbohydrate reactant in the Maillard
reaction may be used in combination with anon-carbohydrate
polyhydroxy reactant. Examples of non-carbohydrate poly-
hydroxy reactants which can be used in combination with the
carbohydrate reactant include, but are not limited to, trim-
cthylolpropane, glycerol, pentaerythritol, polyvinyl alcohol,
partially hydrolyzed polyvinyl acetate, fully hydrolyzed
polyvinyl acetate, and mixtures thereof. In one aspect, the
non-carbohydrate polyhydroxy reactant 1s sufficiently non-
volatile to maximize its ability to remain available for reac-
tion with a monomeric or polymeric polycarboxylic acid
reactant. It 1s appreciated that the hydrophobicity of the non-
carbohydrate polyhydroxy reactant may be a factor 1n deter-
mining the physical properties of a binder prepared as
described herein.

When a partially hydrolyzed polyvinyl acetate serves as a
non-carbohydrate polyhydroxy reactant, a commercially
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available compound such as an 87-89% hydrolyzed polyvinyl
acetate may be utilized, such as, DuPont ELVANOL 51-05.

DuPont ELVANOL 51-05 has a molecular weight of about
22,000-26,000 Da and a viscosity of about 5.0-6.0 centi-
poises. Other partially hydrolyzed polyvinyl acetates con-
templated to be useful 1n preparing binder compositions as
described herein include, but are not limited to, 87-89%
hydrolyzed polyvinyl acetates diflering 1n molecular weight
and viscosity from ELVANOL 51-03, such as, for example,
DuPont ELVANOL 51-04, ELVANOL 51-08, ELVANOL
50-14, ELVANOL 52-22, ELVANOL 30-26, ELVANOL
50-42; and partially hydrolyzed polyvinyl acetates differing

in molecular weight, viscosity, and/or degree of hydrolysis
from ELVANOL 51-05, such as, DuPont ELVANOL 51-03

(86-89% hydrolyzed), ELVANOL 70-14 (95.0-97.0% hydro-
lyzed), ELVANOL 70-27 (935.5-96.5% hydrolyzed),
ELVANOL 60-30 (90-93% hydrolyzed). Other partially
hydrolyzed polyvinyl acetates contemplated to be useful in
preparing binder compositions as described herein include,
but are not limited to, Clariant MOWIOL 15-79, MOWIOL
3-83, MOWIOL 4-88, MOWIOL 5-88, MOWIOL 8-88,
MOWIOL 18-88, MOWIOL 23-88, MOWIOL 26-88,
MOWIOL 40-88, MOWIOL 47-88, and MOWIOL 30-92, as
well as Celanese CELVOL 203, CELVOL 205, CELVOL
502, CELVOL 304, CELVOL 513, CELVOL 523, CELVOL
523TV, CELVOL 330, CELVOL 540, CJLVOL 40TV,
CELVOL 418, CELVOL 425, and CELVOL 443. Also con-
templated to be useful are similar or analogous partially
hydrolyzed polyvinyl acetates available from other commer-
cial suppliers.

When a fully hydrolyzed polyvinyl acetate serves as a
non-carbohydrate polyhydroxy reactant, Clariant MOWIOL
4-98, having a molecular weight of about 27,000 Da, may be
utilized. Other fully hydrolyzed polyvinyl acetates contem-
plated to be usetul include, but are not limited to, DuPont

ELVANOL 70-03 (98.0-98.8% hydrolyzed), ELVANOL
70-04 (98.0-98.8% hydrolyzed), ELVANOL 70-06 (98.5-
99.2% hydrolyzed), ELVANOL 90-50 (99.0-99.8% hydro-
lyzed), ELVANOL 70-20 (98.5-99.2% hydrolyzed),
ELVANOL 70-30 (98.5-99.2% hydrolyzed), ELVANOL
71-30 (99.0-99.8% hydrolyzed), ELVANOL 70-62 (98.4-
99.8% hydrolyzed) ELVANOL 70-63 (98.5-99.2% hydro-
lyzed), ELVANOL 70-75 (98.5-99.2% hydrolyzed), Clariant
MOWIOL 3-98, MOWIOL 6-98, MOWIOL 10-98,
MOWIOL 20-98, MOWIOL 56-98, MOWIOL 28-99, and
Celanese CELVOL 103, CELVOL 107, CELVOL 305, CEL-
VOL 310, CELVOL 325, CELVOL 323LA, and CELVOL
350, as well as similar or analogous fully hydrolyzed polyvi-
nyl acetates from other commercial suppliers.

The atorementioned Maillard reactants may be combined
to make an aqueous composition that includes a carbohydrate
reactant and an amine reactant. These aqueous binders rep-
resent examples of uncured binders. As discussed below,
these aqueous compositions can be used as binders of the
present invention. These binders are formaldehyde-iree, cur-
able, alkaline, aqueous binder compositions. Furthermore, as
indicated above, the carbohydrate reactant of the Maillard
reactants may be used 1n combination with a non-carbohy-
drate polyhydroxy reactant. Accordingly, any time the carbo-
hydrate reactant 1s mentioned it should be understood that 1t
can be used in combination with a non-carbohydrate polyhy-
droxy reactant.

In one 1illustrative embodiment, the aqueous solution of
Maillard reactants may include (1) an ammonium salt of one
or more polycarboxylic acid reactants and (1) one or more
carbohydrate reactants having a reducing sugar. The pH of
this solution prior to placing it 1n contact with the material to

.L

10

15

20

25

30

35

40

45

50

55

60

65

14

be bound can be greater than or equal to about 7. In addition,
this solution can have a pH of less than or equal to about 10.
The ratio of the number of moles of the polycarboxylic acid
reactant(s) to the number of moles of the carbohydrate reac-
tant(s) can be in the range from about 1:4 to about 1:13. In one
example, the ratio ol the number of moles of the polycarboxy-
lic acid reactant(s ) to the number of moles of the carbohydrate
reactant(s) 1n the binder composition 1s about 1:5. In another
example, the ratio of the number of moles of the polycarboxy-
lic acid reactant(s ) to the number of moles of the carbohydrate
reactant(s) 1s about 1:6. In yet another example, the ratio of
the number of moles of the polycarboxylic acid reactant(s) to
the number of moles of the carbohydrate reactant(s) 1s about
1:7.

As described above, the aqueous binder composition
includes (1) an ammonium salt of one or more polycarboxylic
acid reactants and (11) one or more carbohydrate reactants
having areducing sugar. It should be appreciated that when an
ammonium salt of a monomeric or a polymeric polycarboxy-
lic acid 1s used as an amine reactant, the molar equivalents of
ammonium 1on may or may not be equal to the molar equiva-
lents of acid salt groups present on the polycarboxylic acid. In
one 1llustrative example, an ammonium salt may be monoba-
s1c, dibasic, or tribasic when a tricarboxylic acid 1s used as a
polycarboxylic acid reactant. Thus, the molar equivalents of
the ammonium 10n may be present in an amount less than or
about equal to the molar equivalents of acid salt groups
present 1n a polycarboxylic acid. Accordingly, the salt can be
monobasic or dibasic when the polycarboxylic acid reactant
1s a dicarboxylic acid. Further, the molar equivalents of
ammonium 1on may be present 1n an amount less than, or
about equal to, the molar equivalents of acid salt groups
present 1n a polymeric polycarboxylic acid, and so on and so
forth. When a monobasic salt of a dicarboxylic acid 1s used, or
when a dibasic salt of a tricarboxylic acid 1s used, or when the
molar equivalents of ammonium 1ons are present 1 an
amount less than the molar equivalents of acid salt groups
present 1n a polymeric polycarboxylic acid, the pH of the
binder composition may require adjustment to achieve alka-
linity.

The uncured, formaldehyde-free, thermally-curable, alka-
line, aqueous binder composition can be used to fabricate a
number of different maternials. In particular, these binders can
be used to produce or promote cohesion in non or loosely
assembled matter by placing the binder 1n contact with the
matter to be bound. Any number of well known techniques
can be employed to place the aqueous binder 1n contact with
the material to be bound. For example, the aqueous binder can
be sprayed on (for example during the binding glass fibers) or
applied via a roll-coat apparatus.

These aqueous binders can be applied to a mat of glass
fibers (e.g., sprayed onto the mat), during production of fiber-
glass mnsulation products. Once the aqueous binder 1s 1n con-
tact with the glass fibers the residual heat from the glass fibers
(note that the glass fibers are made from molten glass and thus
contain residual heat) and the flow of air through the fibrous
mat will evaporate (1.e., remove) water from the binder.
Removing the water leaves the remaining components of the
binder on the fibers as a coating of viscous or semi-viscous
high-solids liquid. This coating of viscous or semi-viscous
high-solids liquid functions as a binder. At this point, the mat
has not been cured. In other words, the uncured binder func-
tions to bind the glass fibers in the mat.

Furthermore, 1t should be understood that the above
described aqueous binders can be cured. For example, any of
the above described aqueous binders can be disposed (e.g.,
sprayed) on the material to be bound, and then heated. For
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example, 1n the case of making fiberglass insulation products,
after the aqueous binder has been applied to the mat, the
binder coated mat 1s transferred to a curing oven. In the curing
oven the mat 1s heated (e.g., from about 300° F. to about 600°
F.) and the binder cured. The cured binder 1s a formaldehyde-
free, water-resistant thermoset binder that attaches the glass
fibers of the mat together. Note that the drying and thermal
curing may occur either sequentially, contemporaneously, or
concurrently.

With respect to making binders that are water-insoluble
when cured, it should be appreciated that the ratio of the
number of molar equivalents of acid salt groups present on the
polycarboxylic acid reactant(s) to the number of molar
equivalents of hydroxyl groups present on the carbohydrate
reactant(s) may be in the range from about 0.04:1 to about
0.13:1. After curing, these formulations result 1n a water-
resistant thermoset binder. In one variation, the number of
molar equivalents of hydroxyl groups present on the carbo-
hydrate reactant(s) 1s about twenty five-fold greater than the
number ol molar equivalents of acid salt groups present on the
polycarboxylic acid reactant(s). In another vanation, the
number of molar equivalents of hydroxyl groups present on
the carbohydrate reactant(s) 1s about ten-fold greater than the
number of molar equivalents of acid salt groups present on the
polycarboxylic acid reactant(s). In yet another variation, the
number of molar equivalents of hydroxyl groups present on
the carbohydrate reactant(s) 1s about six-fold greater than the
number of molar equivalents of acid salt groups present on the
polycarboxylic acid reactant(s).

In other embodiments of the invention, a binder that is
already cured can disposed on a material to be bound. As
indicated above, most cured binders will typically contain
water-insoluble melanoidins. Accordingly, these binders will
also be water-resistant thermoset binders.

As discussed below, various additives can be incorporated
into the binder composition. These additives give the binders
ol the present invention additional desirable characteristics.
For example, the binder may include a silicon-containing
coupling agent. Many silicon-containing coupling agents are
commercially available from the Dow-Corning Corporation,
Petrarch Systems, and by the General Electric Company.
Illustratively, the silicon-containing coupling agent includes
compounds such as silylethers and alkylsilyl ethers, each of
which may be optionally substituted, such as with halogen,
alkoxy, amino, and the like. In one vanation, the silicon-
containing compound 1s an amino-substituted silane, such as,
gamma-aminopropyltriethoxy silane (General Electric Sili-
cones, SILQUEST A-1101; Wilton, Conn.; USA). In another
variation, the silicon-containing compound 1s an amino-sub-
stituted silane, for example, aminoethylaminopropyltri-
methoxy silane (Dow Z-6020; Dow Chemical, Midland,
Mich.; USA). In another variation, the silicon-containing
compound 1s gamma-glycidoxypropyltrimethoxysilane
(General Electric Silicones, SILQUEST A-187). In vet
another variation, the silicon-containing compound 1s an
n-propylamine silane (Creanova (formerly Huls America)
HYDROSIL 2627; Creanova; Somerset, N.J.; U.S.A.).

The silicon-containing coupling agents are typically
present in the binder 1n the range from about 0.1 percent to
about 1 percent by weight based upon the dissolved binder
solids (1.e., about 0.1 percent to about 1 percent based upon
the weight of the solids added to the aqueous solution). In one
application, one or more of these silicon-containing com-
pounds can be added to the aqueous uncured binder. The
binder 1s then applied to the material to be bound. Thereafter,
the binder may be cured 1f desired. These silicone containing,
compounds enhance the ability of the binder to adhere to the
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matter the binder 1s disposed on, such as glass fibers. Enhanc-
ing the binder’s ability to adhere to the matter improves, for
example, 1ts ability to produce or promote cohesion 1n non or
loosely assembled substance(s)

A binder that includes a silicone containing coupling agent
can be prepared by admixing about 10 to about 350 weight
percent aqueous solution of one or more polycarboxylic acid
reactants, already neutralized with an amine base or neutral-
1zed 1n situ, with about 10-350 weight percent aqueous solution
of one or more carbohydrate reactants having reducing sugar,
and an effective amount of a silicon-containing coupling
agent. In one variation, one or more polycarboxylic acid
reactants and one or more carbohydrate reactants, the latter
having reducing sugar, may be combined as solids, mixed
with water, and the mixture then treated with aqueous amine
base (to neutralize the one or more polycarboxylic acid reac-
tants) and a silicon-containing coupling agent to generate an
aqueous solution 10-50 weight percent 1n each polycarboxy-
lic acid reactant and each carbohydrate reactant.

In another illustrative embodiment, a binder of the present
invention may include one or more corrosion inhibitors.
These corrosion inhibitors prevent or inhibit the eating or
wearing away of a substance, such as, metal caused by chemi-
cal decomposition brought about by an acid. When a corro-
s10n 1inhibitor 1s included 1n a binder of the present invention,
the binder’s corrosivity 1s decreased as compared to the cor-
rosivity of the binder without the inhibitor present. In one
embodiment, these corrosion inhibitors can be utilized to
decrease the corrosivity of the glass fiber-containing compo-
sitions described herein. Illustratively, corrosion inhibitors
include one or more of the following, a dedusting oil, or a
monoammonium phosphate, sodium metasilicate pentahy-
drate, melamine, tin(Il)oxalate, and/or methylhydrogen sili-
cone fluid emulsion. When included in a binder of the present
invention, corrosion inhibitors are typically present in the
binder in the range from about 0.5 percent to about 2 percent
by weight based upon the dissolved binder solids.

By following the disclosed guidelines, one of ordinary skill
in the art will be able to vary the concentrations of the reac-
tants of the aqueous binder to produce a wide range of binder
compositions. In particular, aqueous binder compositions can
be formulated to have an alkaline pH. For example, a pH 1n
the range from greater than or equal to about 7 to less than or
equal to about 10. Examples of the binder reactants that can be
mampulated include (1) the polycarboxylic acid reactant(s),
(11) the amine base, (111) the carbohydrate reactant(s), (1v) the
silicon-contaiming coupling agent, and (v) the corrosion
inhibitor compounds. Having the pH of the aqueous binders
(e.g. uncured binders) of the present invention 1n the alkaline
range 1nhibits the corrosion of materials the binder comes 1n
contact with, such as machines used 1n the manufacturing
process (e.g., in manufacturing fiberglass). Note this 1s espe-
cially true when the corrosivity of acidic binders 1s compared
to binders of the present invention. Accordingly, the “life
span’ of the machinery increases while the cost of maintain-
ing these machines decreases. Furthermore, standard equip-
ment can be used with the binders of the present invention,
rather than having to utilize relatively corrosive resistant
machine components that come 1nto contact with acidic bind-
ers, such as stainless steel components. Therefore, the binders
disclosed herein decrease the cost of manufacturing bound
materials.

The following examples 1llustrate specific embodiments 1n
turther detail. These examples are provided for illustrative
purposes only and should not be construed as limiting the
invention or the mventive concept to any particular physical
confliguration 1n any way. For instance, although 23% (weight
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percent) aqueous solutions each of triammonium citrate and
dextrose monohydrate were admixed in EXAMPLE 1 to pre-
pare aqueous binders, it 1s to be understood that, 1n variations
of the embodiments described herein, the weight percent of
the aqueous, polycarboxylic acid ammonium salt reactant
solution and the weight percent of the aqueous, reducing-
sugar carbohydrate reactant solution may be altered without
aifecting the nature of the invention described. For example,
admixing aqueous solutions of the polycarboxylic acid
ammonium salt reactant and the reducing-sugar carbohydrate
reactant the weight percents of which fall within the range
from about 10-350 weight percent. Further, although aqueous
solutions 10-50% (weight percent) in triammonium citrate
and dextrose monohydrate dissolved solids were used 1n
EXAMPLES 8-12 to prepare binder/glass fiber composi-
tions, 1t 1s to be understood that the weight percent of the
aqueous, polycarboxylic acid ammonium salt reactant-con-
taining/reducing-sugar carbohydrate reactant-containing,
solution may be altered without atfecting the nature of the
invention described. For example, preparing aqueous solu-
tions including the polycarboxylic acid ammonium salt reac-
tant and the reducing-sugar carbohydrate reactant the weight
percents of which fall outside the range of about 10-50 weight
percent. In addition, although the following examples include
an ammonium, i.e., "NH_, salt of a polycarboxylic acid as the
polycarboxylic acid ammonium salt reactant, 1t 1s to be under-
stood that alternative amine reactants may be used without
alfecting the nature of the invention described, such as,
including a primary amine salt or a secondary amine salt of a
polycarboxylic acid.

EXAMPLE 1

Preparation of Aqueous Triammonium
Citrate-Dextrose Binders

Aqueous trtrammonium citrate-dextrose binders were pre-
pared according to the following procedure: Aqueous solu-
tions (25%) of triammonium citrate (81.9 g citric acid, 203.7
g water, and 114.4 g of a 19% percent solution of ammonia)
and dextrose monohydrate (50.0 g of dextrose monohydrate
in 150.0 g water) were combined at room temperature 1n the
tollowing proportions by volume: 1:24, 1:12, 1:8, 1:6, 1:5,
1:4, and 1:3, where the relative volume of triammonium cit-
rate 1s listed as “1.” For example, 10 mL of aqueous triam-
monium citrate mixed with 50 mL of aqueous dextrose mono-
hydrate afforded a *“1:5” solution, wherein the mass ratio of
triammonium citrate to dextrose monohydrate 1s about 1:5,
the molar ratio of triammonium citrate to dextrose monohy-
drate 1s about 1:6, and the ratio of the number of molar
equivalents of acid salt groups, present on triammonium cit-
rate, to the number of molar equivalents of hydroxyl groups,
present on dextrose monohydrate, 1s about 0.10:1. The result-
ing solutions were stirred at room temperature for several
minutes, at which time 2-g samples were removed and ther-
mally cured as described in Example 2.

EXAMPLE 2

Preparation of Cured Triammonium Citrate-Dextrose
Binder Samples from Aqueous Triammonium
Citrate-Dextrose Binders

2-g samples of each binder, as prepared in Example 1, were
placed onto each of three individual 1-g aluminum bake-out
pans. Each binder was then subjected to the following three
conventional bake-out/cure conditions 1n pre-heated, thermo-
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statted convection ovens 1n order to produce the correspond-
ing cured binder sample: 15 minutes at 400° F., 30 minutes at

350° F., and 30 minutes at 300° F.

EXAMPLE 3

Testing/Evaluation of Cured Triammonium

Citrate-Dextrose Binder Samples Produced from
Aqueous Triammonium Citrate-Dextrose Binders

Wet strength was determined for each cured triammonium
citrate-dextrose binder sample, as prepared in Example 2, by
the extent to which a cured binder sample appeared to remain
intact and resist dissolution, following addition of water to the
aluminum bake-out pan and subsequent standing at room
temperature. Wet strength was noted as Dissolved (for no wet
strength), Partially Dissolved (for minimal wet strength),
Softened (for intermediate wet strength), or Impervious (for
high wet strength, water-insoluble). The color of the water
resulting from 1ts contact with cured ammonium citrate-dex-
trose binder samples was also determined. Table 1 below
shows 1llustrative examples of trrammonium citrate-dextrose
binders prepared according to Example 1, curing conditions
therefor according to Example 2, and testing and evaluation
results according to Example 3.

EXAMPLE 4

Elemental Analysis of Cured Triammonium
Citrate-Dextrose (1:6) Binder Samples

Elemental analyses for carbon, hydrogen, and nitrogen
(1.e., C, H, N) were conducted on 5-g samples of 15% triam-
monium citrate-dextrose (1:6) binder, prepared as described
in Example 1 and cured as described below, which 0.73-¢g
cured samples included a molar ratio of triammonium citrate
to dextrose monohydrate of about 1:6. Binder samples were
cured as a function of temperature and time as follows: 300°
F. for 1 hour; 350° F. for 0.5 hour; and 400° F. for 0.33 hour.
Elemental analyses were conducted at Galbraith Laborato-
ries, Inc. in Knoxyille, Tenn. As shown 1n Table 2, elemental
analysis revealed an increase in the C:N ratio as a function of
increasing temperature over the range from 300° F. to 350° F.,
which results are consistent with a melanoidin-containing
binder having been prepared. Further, an increase in the C:H
ratio as a function of increasing temperature 1s also shown in
Table 2, which results are consistent with dehydration, a
process known to occur during formation of melanoidins,
occurring during binder cure.

EXAMPLE 5

Preparation of Ammonium Polycarboxylate-Sugar
Binders Used to Construct Glass Bead Shell Bones,
Glass Fiber-Containing Mats, and Wood Fiber Board
Compositions

Aqueous triammonium citrate-dextrose (1:6) binders,
which binders were used to construct glass bead shell bones
and glass fiber-containing mats, were prepared by the follow-
ing general procedure: Powdered dextrose monohydrate (915
o) and powdered anhydrous citric acid (152.5 g) were com-
bined 1n a 1-gallon reaction vessel to which 880 g of distilled
water was added. To this mixture were added 265 g of 19%
aqueous ammonia with agitation, and agitation was contin-
ued for several minutes to achieve complete dissolution of
solids. To the resulting solution were added 33 g of
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SILQUEST A-1101 silane to produce a pH ~8-9 solution
(using pH paper), which solution contained approximately

50% dissolved dextrose monohydrate and dissolved ammo-
nium citrate solids (as a percentage of total weight of solu-
tion); a 2-g sample of this solution, upon thermal curing at
400° F. for 30 minutes, would yield 30% solids (the weight
loss being attributed to dehydration during thermoset binder
formation). Where a silane other than SILQUEST A-1101
was 1ncluded 1n the triammonium citrate-dextrose (1:6)
binder, substitutions were made with SILQUEST A-187
Silane, HYDROSIL 2627 Silane, or Z-6020 Silane. When
additives were mcluded 1n the triammonium citrate-dextrose
(1:6) binder to produce binder variants, the standard solution
was distributed among bottles 1n 300-g aliquots to which
individual additives were then supplied.

The FI-IR spectrum of a dried (uncured) triammonium
citrate-dextrose (1:6) binder, which spectrum was obtained as
a microscopic thin film from a 10-g sample of a 30% (dis-
solved binder solids) binder dried in vacuo, 1s shown 1n FIG.
3. The FT-IR spectrum of a cured triammonium citrate-dex-
trose (1:6) Maillard binder, which spectrum was obtained as
a microscopic thin film from a 10-g sample of a 30% binder
(dissolved binder solids) after curing, 1s shown 1n FIG. 4.

When polycarboxylic acids other than citric acid, sugars
other than dextrose, and/or additives were used to prepare
aqueous ammonium polycarboxylate-sugar binder variants,
the same general procedure was used as that described above
for preparation of an aqueous triammonium citrate-dextrose
(1:6) binder. For ammonium polycarboxylate-sugar binder
variants, adjustments were made as necessary 1o accommo-
date the inclusion of, for example, a dicarboxylic acid or a
polymeric polycarboxylic acid instead of citric acid, or to
accommodate the inclusion of, for example, a triose instead of
dextrose, or to accommodate the inclusion of, for example,
one or more additives. Such adjustments included, for
example, adjusting the volume of aqueous ammonia neces-
sary to generate the ammonium salt, adjusting the gram
amounts of reactants necessary to achieve a desired molar
ratio of ammonium polycarboxylate to sugar, and/or includ-
ing an additive 1n a desired weight percent.

EXAMPLE 6

Preparation/ Weathering/ Testing of Glass Bead Shell
Bone Compositions Prepared with Ammonium
Polycarboxylate-Sugar Binders

When evaluated for their dry and “weathered” tensile
strength, glass bead-contaiming shell bone compositions pre-
pared with a given binder provide an indication of the likely
tensile strength and the likely durability, respectively, of
fiberglass insulation prepared with that particular binder. Pre-
dicted durability 1s based on a shell bone’s weathered tensile
strength:dry tensile strength ratio. Shell bones were prepared,
weathered, and tested as follows:

Preparation Procedure for Shell Bones:

A shell bone mold (Dietert Foundry Testing Equipment;
Heated Shell Curing Accessory, Model 366, and Shell Mold
Accessory) was set to a desired temperature, generally 4235°
F., and allowed to heat up for at least one hour. While the shell
bone mold was heating, approximately 100 g of an aqueous
ammonium polycarboxylate-sugar binder (generally 30% 1n
binder solids) was prepared as described in Example 5. Using,
a large glass beaker, 727.5 g of glass beads (Quality Ballotini
Impact Beads, Spec. AD, US Sieve 70-140, 106-212 micron-
#7, Irom Potters Industries, Inc.) were weighed by difference.
The glass beads were poured into a clean and dry mixing
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bowl, which bowl was mounted onto an electric mixer stand.
Approximately 75 g of aqueous ammonium polycarboxylate-
sugar binder were obtained, and the binder then poured
slowly 1nto the glass beads 1n the mixing bowl. The electric
mixer was then turned on and the glass beads/ammonium
polycarboxylate-sugar binder mixture was agitated for one
minute. Using a large spatula, the sides of the whisk (mixer)
were scraped to remove any clumps of binder, while also
scraping the edges wherein the glass beads lay in the bottom
of the bowl. The mixer was then turned back on for an addi-
tional minute, then the whisk (mixer) was removed from the
unit, followed by removal of the mixing bowl containing the
glass beads/ammonium polycarboxylate-sugar binder mix-
ture. Using a large spatula, as much of the binder and glass
beads attached to the whisk (mixer) as possible were removed
and then stirred into the glass beads/ammonium polycarboxy-
late-sugar binder mixture 1n the mixing bowl. The sides of the
bowl were then scraped to mix 1n any excess binder that might
have accumulated on the sides. At this point, the glass beads/
ammonium polycarboxylate-sugar binder mixture was ready
for molding 1n a shell bone mold.

The slides of the shell bone mold were confirmed to be
aligned within the bottom mold platen. Using a large spatula,
a glass beads/ammonium polycarboxylate-sugar binder mix-
ture was then quickly added into the three mold cavities
within the shell bone mold. The surface of the mixture in each
cavity was flattened out, while scraping oif the excess mixture
to give a uniform surface area to the shell bone. Any incon-
sistencies or gaps that existed 1n any of the cavities were filled
in with additional glass beads/ammonium polycarboxylate-
sugar binder mixture and then flattened out. Once a glass
beads/ammonium polycarboxylate-sugar binder mixture was
placed into the shell bone cavities, and the mixture was
exposed to heat, curing began. As manipulation time can
alfect test results, e.g., shell bones with two differentially
cured layers can be produced, shell bones were prepared
consistently and rapidly. With the shell bone mold filled, the
top platen was quickly placed onto the bottom platen. At the
same time, or quickly therealiter, measurement of curing time
was 1itiated by means of a stopwatch, during which curing
the temperature of the bottom platen ranged from about 400°
F. to about 430° F., while the temperature of the top platen
ranged from about 440° F. to about 470° F. At seven minutes
clapsed time, the top platen was removed and the slides pulled
out so that all three shell bones could be removed. The freshly
made shell bones were then placed on a wire rack, adjacent to
the shell bone mold platen, and allowed to cool to room
temperature. Thereafter, each shell bone was labeled and
placed individually 1n a plastic storage bag labeled appropri-
ately. IT shell bones could not be tested on the day they were
prepared, the shell bone-contaiming plastic bags were placed
in a desiccator unit.

Conditioning ( Weathering) Procedure for Shell Bones:

A Blue M humidity chamber was turned on and then set to
provide weathering conditions of 90° F. and 90% relative
humidity (1.e., 90° F./90% rH). The water tank on the side of
the humidity chamber was checked and filled regularly, usu-
ally each time 1t was turned on. The humidity chamber was
allowed to reach the specified weathering conditions over a
period of atleast 4 hours, with a day-long equilibration period
being typical. Shell bones to be weathered were loaded
quickly (since while the doors are open both the humidity and
the temperature decrease), one at a time through the open
humidity chamber doors, onto the upper, slotted shelf of the
humidity chamber. The time that the shell bones were placed
in the humidity chamber was noted, and weathering con-
ducted for a period of 24 hours. Thereafter, the humidity
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chamber doors were opened and one set of shell bones at a
time were quickly removed and placed individually into

respective plastic storage bags, being sealed completely. Gen-
erally, one to four sets of shell bones at a time were weathered
as described above. Weathered shell bones were immediately
taken to the Instron room and tested.

Test Procedure for Breaking Shell Bones:

In the Instron room, the shell bone test method was loaded
on the 5500 R Instron machine while ensuring that the proper
load cell was 1nstalled (1.e., Static Load Cell 5 kIN), and the
machine allowed to warm up for fifteen minutes. During this
period of time, shell bone testing grips were verified as being
installed on the machine. The load cell was zeroed and bal-
anced, and then one set of shell bones was tested at a time as
follows: A shell bone was removed from its plastic storage
bag and then weighed. The weight (in grams) was then
entered 1nto the computer associated with the Instron
machine. The measured thickness of the shell bone (in 1nches)
was then entered, as specimen thickness, three times into the
computer associated with the Instron machine. A shell bone
specimen was then placed into the grips on the Instron
machine, and testing initiated via the keypad on the Instron
machine. After removing a shell bone specimen, the mea-
sured breaking point was entered into the computer associ-
ated with the Intron machine, and testing continued until all
shell bones 1n a set were tested.

Test results are shown 1n Tables 3-6, which results are mean
dry tensile strength (psi1), mean weathered tensile strength
(ps1), and weathered:dry tensile strength ratio.

EXAMPLE 7

Preparation/ Weathering/Testing of Glass
Fiber-Containing Mats Prepared with Ammonium
Polycarboxylate-Sugar (1:6) Binders

When evaluated for their dry and “weathered” tensile
strength, glass fiber-containing mats prepared with a given
binder provide an indication of the likely tensile strength and
the likely durability, respectively, of fiberglass insulation pre-
pared with that particular binder. Predicted durability 1s based
on a glass fiber mat’s “weathered” tensile strength:dry tensile
strength ratio. Glass fiber mats were prepared, weathered, and
tested as follows:

Preparation Procedure for Glass Fiber-Containing Mats:

A “Deckel box,” 13 inches highx13 inches widex14 inches
deep, was constructed of clear acrylic sheet and attached to a
hinged metal frame. Under the Deckel box, as a transition
from the box to a 3-inch drain pipe, was 1nstalled a system of
a perforated plate and coarse metal screen. A woven plastic
belt (called a “wire”) was clamped under the Deckel box. For
mixing purposes, a S-gallon bucket equipped with an internal,
vertical rib and a high-shear air motor mixer were used.
Typically, 4 gallons of water and E-glass (i.e., high-tempera-
ture glass) fibers (11 g, 22 g, or 33 g) were mixed for two
minutes. A typical E-glass had the following weight percent
composition: S10,, 52.5%; Na,O, 0.3%; CaO, 22.5%; MgO,
1.2%; Al,O;, 14.5%; Fe,O/Fe,0O;, 0.2%; K,O, 0.2%; and
B,0O;, 8.6%. The drain pipe and transition under the wire had
previously been filled with water such that the bottom of the
Deckel box was wetted. The aqueous, glass fiber mixture was
poured into the Deckel box and agitated vertically with a plate
containing forty nine (49) one-inch holes. The slide valve at
the bottom of the drain line was opened quickly and the glass
fibers collected on the wire. A screen-covered frame, already
in place under the wire, facilitated the transier of the glass
fiber sample. The sample was dewatered by passing over an
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extractor slot with 25-40 inches of water-column suction.
One pass was used for a 11-g sample, two passes were used

for a 22-g sample, and three passes were used for a 33-g
sample. The sample was transferred to a second screen-cov-
ered frame and the forming wire removed. The sample was
then dried and separated from the screen. Subsequently, the
sample was passed over a 3-inch diameter applicator roll
rotating in a bath containing an aqueous ammonium polycar-
boxylate-sugar binder (containing 15% dissolved binder sol-
1ds, prepared as described 1n Example 5), wherein the glass
fibers were saturated with binder. The excess binder was
extracted by passing over the extractor slot again to produce
glass fiber-containing mats, which mats were cured at 375° F.
for 30 minutes 1n an oven having up-tlow forced convection
air.

Conditioning (Weathering) Procedure for Glass Fiber
Mats:

(lass fiber-containing mat samples to be conditioned were
placed on TEFLON-coated course-weave belt and weighted
down to prevent floating. A pair of sample mats were prepared
for each ammonium polycarboxylate-sugar binder under
evaluation. The mats were conditioned at ambient tempera-
ture and humidity 1n an air-conditioned, but not humidity-
controlled room for at least one day. Seven test specimens
were cut from each mat using a die with the proper profile; six
specimens were cut 1 one direction and one specimen was
cut in a perpendicular direction, with each specimen kept
separate. Each specimen was 2 inches wide and narrowed
down to 1 inch wide 1n the mid-section, while being approxi-
mately 12 imnches long. Three specimens from each mat were
placed 1in a “weathering” chamber at 37-38° C. and 90%
relative humidity for 24 hours. The weathered specimens
were removed from the chamber and stored in sealable plastic
bags, each bag containing a moist paper towel, until 1imme-
diately before testing.

Test Procedure for Breaking Glass Fiber Mats:

A tensile tester was set up with a crosshead speed of 0.5
inches per minute. The clamp jaws were 2 inches wide and
had approximately 1.5-inch grips. Three dry specimens and
three weathered specimens were tested from each mat. The
dry specimens were used for binder content measurement, as
determined by loss on 1gnition (LOI).

Test results are shown 1n Table 7, which results are mean %
LOI, mean dry tensile strength (Ib force), mean weathered
tensile strength (1Ib force), and weathered:dry tensile strength
ratio.

EXAMPLE 8

Preparation of Triammonium Citrate-Dextrose (1:6)
Binder/Glass Fiber Compositions

Uncured Blanket and Cured Blanket

Powdered dextrose monohydrate (300 Ibs) and powdered
anhydrous citric acid (50 lbs) were combined 1n a 260-gallon
tote. Soit water was then added to achieve a volume of 235
gallons. To this mixture were added 9.5 gallons of 19% aque-
ous ammomnia, and the resulting mixture was stirred to achieve
complete dissolution of solids. To the resulting solution were
added 0.56 lbs of SILQUEST A-1101 silane to produce a
solution 135.5% 1n dissolved dextrose monohydrate and dis-
solved ammonium citrate solids (as a percentage of total
weilght of solution); a 2-g sample of this solution, upon ther-
mal curing at 400° F. for 30 minutes, would yield 9.3% solids
(the weight loss being attributed to dehydration during ther-
moset binder formation). The solution was stirred for several
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minutes before being transported to a binder pump where 1t
was used 1n the manufacture of glass fiber insulation, specifi-
cally, 1n the formation of material referred to as “wet blanket,”
or uncured blanket, and “amber blanket,” or cured blanket.

Uncured blanket and cured blanket were prepared using
conventional fiberglass manufacturing procedures; such pro-
cedures are described generally below and 1n U.S. Pat. No.
5,318,990, the disclosure of which is hereby incorporated
herein by reference. Typically, a binder 1s applied to glass
fibers as they are being produced and formed into a mat, water
1s volatilized from the binder, and the high-solids binder-
coated fibrous glass mat 1s heated to cure the binder and
thereby produce a finished fibrous glass bat which may be
used, for example, as a thermal or acoustical insulation prod-
uct, a reinforcement for a subsequently produced composite,
etc.

A porous mat of fibrous glass was produced by fiberizing
molten glass and immediately forming a fibrous glass mat on
a moving conveyor. Glass was melted 1n a tank and supplied
to a fiber forming device such as a spinner or a bushing. Fibers
of glass were attenuated from the device and then blown
generally downwardly within a forming chamber. The glass
fibers typically have a diameter from about 2 to about 9
microns and have a length from about 0.25 inch to about 3
inches. Typically, the glass fibers range in diameter from
about 3 to about 6 microns, and have a length from about 0.5
inch to about 1.5 inches. The glass fibers were deposited onto
a perforated, endless forming conveyor. A binder was applied
to the glass fibers, as they were being formed, by means of
suitable spray applicators so as to result in a distribution of the
binder throughout the formed mat of fibrous glass. The glass
fibers, having the uncured binder adhered thereto, were gath-
ered and formed into a mat on the endless conveyor within the
forming chamber with the aid of a vacuum drawn through the
mat from below the forming conveyor. The residual heat
contained 1n the glass fibers as well as the air flow through the
mat caused a majority of the water to volatilize from the mat
betore 1t exited the forming chamber. (Water was removed to
the extent the uncured binder functioned as a binder; the
amount of water to be removed for any particular application
can be determined buy one of ordinary skill in the art with
routine experimentation)

As the high-solids binder-coated fibrous glass mat
emerged from the forming chamber, 1t expanded vertically
due to the resiliency ofthe glass fibers. The expanded mat was
then conveyed to and through a curing oven wherein heated
air 1s passed through the mat to cure the binder. Flights above
and below the mat slightly compressed the mat to give the
finished product a predetermined thickness and surface fin-
ish. Typically, the curing oven was operated at a temperature
over arange from about 350° F. to about 600° F. Generally, the
mat resided within the oven for a period of time from about
0.5 minute to about 3 minutes. For the manufacture of con-
ventional thermal or acoustical insulation products, the time
ranges from about 0.75 minute to about 1.5 minutes. The
fibrous glass having a cured, rigid binder matrix emerged
from the oven 1n the form of a bat which may be compressed
tor packaging and shipping and which will thereafter substan-
tially recover its as-made vertical dimension when uncon-
strained. By way of example, a fibrous glass mat which 1s
about 1.25 inches thick as 1t exits from the forming chamber,
will expand to a vertical thickness of about 9 inches 1n the
transier zone, and will be slightly compressed to a vertical
thickness of about 6 inches 1n the curing oven.

Nominal specifications of the cured blanket product pre-
pared as described above were about 0.09 pounds per square
toot weight, about 0.7 pounds per cubic foot density, about
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1.5 inch thick, fiber diameter of about 22 hundred thou-
sandths of an inch (5.6 microns), about 11% binder content
alter curing, and about 0.7% mineral o1l content for dedusting

(dedusting o1l). Curing oven temperature was set at about
460° F. Uncured blanket exited the forming chamber white to
off-white 1n apparent color, whereas cured blanket exited the
oven dark brown in apparent color and well bonded. After
collecting a few rolls of the cured blanket, the matt was
broken betore the oven, and uncured blanket was also col-
lected for experimentation.

EXAMPLE 9

Preparation of Trnammonium Citrate-Dextrose (1:6)
Binder/Glass Fiber Composition: Air Duct Board

Powdered dextrose monohydrate (1800 Ibs) and powdered
anhydrous citric acid (300 Ibs) were combined 1 a 2000-
gallon mixing tank that contained 743.2 gallons of soft water.
To this mixture were added 52.9 gallons of 19% aqueous
ammonia under agitation, and agitation was continued for
approximately 30 minutes to achieve complete dissolution of
solids. To the resulting solution were added 9 lbs of
SILQUEST A-1101 silane to produce a pH ~8 solution (using,
pH paper), which solution contained approximately 25% dis-
solved dextrose monohydrate and dissolved ammonium cit-
rate solids (as a percentage of total weight of solution); a 2-g
sample of this solution, upon thermal curing at 400° F. for 30
minutes, would yield 15% solids (the weight loss being attrib-
uted to dehydration during thermoset binder formation). The
solution was stirred for several minutes before being trans-
ferred to a binder hold tank from which 1t was used 1n the
manufacture of glass fiber insulation, specifically, 1n the for-
mation of a product called “air duct board.”

Air duct board was prepared using conventional fiberglass
manufacturing procedures; such procedures are described
generally in Example 8. Nominal specifications of the air duct
board product were about 0.4 pounds per square foot density,
about 4.5 pounds per cubic foot density, at 1 inch thick, with
a fiber diameter of about 32 hundred thousandths of an ich
(8.1 microns), and a binder content of about 14.3%, with
0.7% mineral o1l for dedusting (dedusting o1l). Curing oven
temperature was set at about 550° F. Product exited the oven
dark brown in apparent color and well bonded.

EXAMPLE 10

Preparation of Triammonium Citrate-Dextrose (1:6)
Binder/Glass Fiber Composition: R30 Residential
Blanket

Powdered dextrose monohydrate (1200 Ibs) and powdered
anhydrous citric acid (200 Ibs) were combined 1 a 2000-
gallon mixing tank that contained 1104 gallons of soit water.
To this mixture were added 42.3 gallons of 19% aqueous
ammonia under agitation, and agitation was continued for
approximately 30 minutes to achieve complete dissolution of
solids. To the resulting solution were added 6 lbs of
SILQUEST A-1101 silane to produce a pH ~8 solution (using
pH paper), which solution contained approximately 13.4%
dissolved dextrose monohydrate and dissolved ammonium
citrate solids (as a percentage of total weight of solution); a
2-g sample of this solution, upon thermal curing at 400° F. for
30 minutes, would yield 8% solids (the weight loss being
attributed to dehydration during thermoset binder formation).
The solution was stirred for several minutes before being
transierred to a binder hold tank from which i1t was used 1n the
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manufacture of glass fiber insulation, specifically, in the for-
mation of a product called “R30 residential blanket.”

R30 residential blanket was prepared using conventional
fiberglass manufacturing procedures; such procedures are

described generally in Example 8. Nominal specifications of >

the R30 residential blanket product were about 0.4 pound per
square foot weight, a target recovery of 10 inches thick at the
end of the line, with a fiber diameter of 18 hundred thou-
sandths of an inch (4.6 microns), 3.8% binder content, and
0.7% mineral o1l content for dedusting (dedusting o1l). Cur-
ing oven temperature was set at about 570° F. Product exited
the oven brown 1n apparent color and well bonded.

EXAMPL.

11

(L]

Preparation of Triammonium Citrate-Dextrose (1:6)
Binder/Glass Fiber Composition: R19 Residential
Blanket

Batch A-1:

Powdered dextrose monohydrate (1200 lbs) and powdered
anhydrous citric acid (200 Ibs) were combined 1 a 2000
gallon mixing tank that contained 1104 gallons of soit water.
To this mixture were added 35.3 gallons of 19% ammonia
under agitation, and agitation was continued for approxi-
mately 30 minutes to achieve complete dissolution of solids.
To the resulting solution were added 6 lbs of SILQUEST
A-1101 silane to produce a pH ~8 solution (using pH paper),
which solution contained about 13.3% dissolved dextrose
monohydrate and ammonium citrate solids (as a percentage
of total weight of solution); a 2-g sample of this solution,
upon thermal curing at 400° F. for 30 minutes, would yield
8% solids (the weight loss being attributed to dehydration
during thermoset binder formation). The solution was stirred
for several minutes before being transterred to a binder hold
tank from which 1t was used 1n the manufacture of glass fiber
insulation, specifically, in the formation of a product called
“R19 Residential Blanket.”

R19 Residential Blanket, Batch A-1, was prepared using
conventional fiberglass manufacturing procedures; such pro-
cedures are described generally in Example 8. Nominal speci-
fications of the R19 Residential Blanket product were about
0.2 pound per square foot weight, 0.2 pound per cubic foot
density, a target recovery of 6.5 inches thick at the end of the
line, with a fiber diameter of 18 hundred thousandths of an
inch (4.6 microns), 3.8% binder content, and 0.7% mineral o1l

content (for dedusting). Curing oven temperature was set at
about 570° F. Product exited the oven brown 1n apparent color

and well bonded.
Batch A-2:

Powdered dextrose monohydrate (1200 lbs) and powdered
anhydrous citric acid (200 lbs) were combined 1n a 2000
gallon mixing tank that contained 558 gallons of soft water.
To this mixture were added 35.3 gallons of 19% ammonia
under agitation, and agitation was continued for approxi-
mately 30 minutes to achieve complete dissolution of solids.
To the resulting solution were added 5 lbs of SILQUEST
A-1101 silane to produce a pH ~8 solution (using pH paper),
which solution contained about 20.5% dissolved dextrose
monohydrate and ammonium citrate solids (as a percentage
of total weight of solution); a 2-g sample of this solution,
upon thermal curing at 400° F. for 30 minutes, would yield
12% solids (the weight loss being attributed to dehydration
during thermoset binder formation). The solution was stirred
for several minutes before being transterred to a binder hold
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tank from which 1t was used 1n the manufacture of glass fiber
insulation, specifically, in the formation of a product called

“R19 Residential Blanket.”

R19 Residential Blanket, Batch A-2, was prepared using
conventional fiberglass manufacturing procedures; such pro-
cedures are described generally in Example 8. Nominal speci-

fications of the R19 Residential Blanket product were about
0.2 pound per square foot weight, about 0.4 pound per cubic
foot density, a target recovery of 6.5 inches thick at the end of
the line, with a fiber diameter o1 18 hundred thousandths of an
inch (4.6 microns), 3.8% binder content, and 0.7% mineral o1l
content (for dedusting). Curing oven temperature was set at

about 570° F. Product exited the oven brown 1n apparent color
and well bonded.

Batch B:

Powdered dextrose monohydrate (300 lbs) and powdered
anhydrous citric acid (30 Ibs) were combined 1n a 260 gallon
International Bulk Container (IBC) that already contained
167 gallons of distilled water. To this mixture were added 10.6
gallons of 19% ammonia under agitation, and agitation was
continued for approximately 30 minutes to achieve complete
dissolution of solids. To the resulting solution were added 1.5
Ibs of SILQUEST A-1101 silane to produce a pH ~8 solution
(using pH paper), which solution contained approximately
20.1% dissolved dextrose monohydrate and ammonium cit-
rate solids (as a percentage of total weight of solution); a 2-g
sample of this solution, upon thermal curing at 400° F. for 30
minutes, would yield 12% solids (the weight loss being attrib-
uted to dehydration during thermoset binder formation). The
IBC containing the aqueous binder was transierred to an area
at which location the binder was pumped into the binder spray
rings in the forming hood, diluted thereinto with distilled
water, and then used in the manufacture of glass fiber 1nsula-
tion, specifically, in the formation of a product called “R19
Residential Blanket.”

R19 Residential Blanket, Batch B, was prepared using
conventional fiberglass manufacturing procedures; such pro-
cedures are described generally in Example 8. Nominal speci-
fications of the R19 Residential Blanket product made were
about 0.2 pound per square foot weight, and about 0.4 pound
per cubic foot density, a target recovery of 6.5 inches thick at
the end of the line, with a fiber diameter of 18 hundred
thousandths of an inch (4.6 microns), 3.8% binder content,
and 0.7% muineral o1l content (for dedusting). Curing oven
temperature was set at about 570° F. Product exited the oven
brown 1n apparent color and well bonded.

Batch C:

Powdered dextrose monohydrate (300 lbs) and powdered
anhydrous citric acid (50 Ibs) were combined 1n a 260 gallon
International Bulk Container (IBC) that already contained
167 gallons of distilled water. To this mixture were added 10.6
gallons of 19% ammonia under agitation, and agitation was
continued for about 30 minutes to achieve complete dissolu-
tion of solids. To the resulting solution were added 1.5 1bs of
SILQUEST A-1101 silane followed by 1.80 gallons of the
methylhydrogen emulsion BS 1040 (manufactured by the
Wacker Chemaical Corporation) to produce a pH ~8 solution
(using pH paper), which solution contained approximately
20.2% dissolved dextrose monohydrate and ammonium cit-
rate solids (as a percentage of total weight of solution); a 2-g
sample of this solution, upon thermal curing at 400° F. for 30
minutes, would yield 12% solids (the weight loss being attrib-
uted to dehydration during thermoset binder formation). The
IBC containing the aqueous binder was transierred to an area
at which location the binder was pumped into the binder spray
rings in the forming hood, diluted thereinto with distilled
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water, and then used 1n the manufacture of glass fiber insula-
tion, specifically, in the formation of a product called “R19

Residential Blanket.”

R19 Residential Blanket, Batch C, was prepared using
conventional fiberglass manufacturing procedures; such pro-
cedures are described generally in Example 8. Nominal speci-
fications of the R19 Residential Blanket product made was
about 0.2 pound per square foot density, about 0.4 pound per
cubic foot weight, a target recovery of 6.5 inches thick at the
end of the line, with a fiber diameter of 18 hundred thou-
sandths of an inch (4.6 microns), 3.8% binder content, and
0.7% muineral o1l content (for dedusting). Curing oven tem-
perature was set at about 570° F. Product exited the oven
brown 1n apparent color and well bonded.

Batch D:

Powdered dextrose monohydrate (300 lbs) and powdered
anhydrous citric acid (30 lbs) were combined 1n a 260 gallon
International Bulk Container (IBC) that already contained
167 gallons of distilled water. To this mixture were added 10.6
gallons of 19% ammonia under agitation, and agitation was
continued for approximately 30 minutes to achieve complete
dissolution of solids. To the resulting solution were added 1.5
Ibs of SILQUEST A-1101 silane followed by 22 lbs of the
clay product Bentalite L 10 (manufactured by Southern Clay
Products) to produce a pH ~8 solution (using pH paper),
which solution contained about 21.0% dissolved dextrose
monohydrate and ammonium citrate solids (as a percentage
of total weight of solution); a 2-g sample of this solution,
upon thermal curing at 400° F. for 30 minutes, would yield
12.6% solids (the weight loss being attributed to dehydration
during thermoset binder formation). The IBC containing the
aqueous Maillard binder was transierred to an area at which
location the binder was pumped into the binder spray rings in
the forming hood, diluted thereinto with distilled water, and
then used 1n the manufacture of glass fiber insulation, specifi-
cally, 1in the formation of a product called “R19 Residential
Blanket.”

R19 Residential Blanket, Batch D, was prepared using
conventional fiberglass manufacturing procedures; such pro-
cedures are described generally in Example 8. Nominal speci-
fications of the R19 Residential Blanket product made that
day were about 0.2 pound per square foot weight, about 0.4
pound per cubic foot density, a target recovery of 6.5 inches
thick at the end of the line, with a fiber diameter of 18 hundred
thousandths of an inch (4 6 microns), 3.8% binder content,
and 0.7% muineral o1l content (for dedusting). Curing oven
temperature was set at about 570° F. Product exited the oven
brown 1n apparent color and well bonded.

EXAMPL.

12

(Ll

Preparation of Triammonium Citrate-Dextrose (1:6)
Binder/Glass Fiber Composition: Pipe Insulation
Uncured

Powdered dextrose monohydrate (1200 lbs) and powdered
anhydrous citric acid (200 Ibs) were combined 1n a 2000-
gallon mixing tank that contained 215 gallons of soft water.
To this mixture were added 42.3 gallons of 19% aqueous
ammomnia under agitation, and agitation was continued for
approximately 30 minutes to achieve complete dissolution of
solids. To the resulting solution were added 6 lbs of
SILQUEST A-1101 silane to produce a pH ~8 solution (using
pH paper), which solution contained approximately 41.7%
dissolved dextrose monohydrate and dissolved ammonium
citrate solids (as a percentage of total weight of solution); a
2-g sample of this solution, upon thermal curing at 400° F. for
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30 minutes, would yield 25% solids (the weight loss being
attributed to dehydration during thermoset binder formation).
The solution was stirred for several minutes before being
transierred to a binder hold tank from which i1t was used 1n the
manufacture of glass fiber insulation, specifically, in the for-
mation of a product called “pipe mnsulation uncured.”

Pipe insulation uncured was prepared using conventional
fiberglass manufacturing procedures; such procedures are
described generally in Example 8. Nominal specifications of
the pipe mmsulation uncured product were about 0.07 pound
per square foot weight, about 0.85 pound per cubic foot
density, an estimated thickness of 1 inch, a fiber diameter of
30 hundred thousandths of an inch (7.6 microns), and a binder
content of 7% when cured. Pipe insulation uncured was trans-
ported to a pipe insulation-forming area, where 1t was cast
into cylindrical shells, with 6-inch walls and a 3-inch diam-
cter hole and 4-pound per cubic foot density, to be used as
pipe msulation. These shells were cured with the curing oven
set at approximately 450° F. to produce dark brown, well-
bonded pipe insulation product. Shells cured at higher tem-
peratures exhibited punking and could not be used further for
testing.

EXAMPLE 13

Preparation of Trnammonium Citrate-Dextrose (1:6)

Binder/Cellulose Fiber Composition Wood Fiber
Board

Several methods were used to produce wood fiber boards/
sheets bonded with triammomium citrate-dextrose (1:6)
binder. A representative method, which method produced
strong, uniform samples, 1s as follows: Wood 1n the form of
assorted pine wood shavings and sawdust was purchased
from a local farm supply store. Wood fiber board samples
were made with the “as recetved” wood and also material
segregated into the shavings and sawdust components. Wood
was first dried 1n an oven at approximately 200° F. over night,
which drying resulted 1n moisture removal of 14-15% for the
wood shavings and about 11% for the sawdust. Thereatter,
dried wood was placed 1n an 8 1nch highx12 inch widex10.5
inch deep plastic container (approximate dimensions). Tri-
ammonium citrate-dextrose (1:6) binder was prepared (36%
in binder solids) as described 1n Example 5, and then 160 g of
binder was sprayed via an hydraulic nozzle onto a 400-g
sample of wood 1n the plastic container while the container
was 1nclined 30-40 degrees from the vertical and rotated
slowly (approximately 5-15 rpm). During this treatment, the
wood was gently tumbled while becoming uniformly coated.

Samples of resinated wood were placed 1n a collapsible
frame and compressed 1n between heated platens under the
following conditions: resinated wood shavings, 300 psi;
resinated sawdust, 600 psi. For each resinated sample, the
cure conditions were 350° F. for 25 to 30 minutes. The result-
ing sample boards were approximately 10 inches longx10
inches wide, and about 0.4 inches thick belfore trimming,
well-bonded internally, smooth surfaced and made a clean cut
when trimmed on the band saw. Trimmed sample density and
the size of each trimmed sample board produced were as
follows: sample board from wood shavings, density ~54 pct,
size ~8.3 1inches longx9 inches widex0.36 inches thick;
sample board from sawdust, density ~44 pci, size ~8.7 inches
longx8.8 inches widex0.41 inches thick. The estimated
binder content of each sample board was ~12.6%.
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Testing/Evaluation of Triammonium
Citrate-Dextrose (1:6) Binder/Glass Fiber
Compositions

The trrammonium citrate-dextrose (1:6) binder/glass fiber
compositions from Examples 8-12, 1.e., cured blanket, air
duct board, R30 residential blanket, R19 residential blanket,
and pipe msulation uncured, were tested versus a correspond-
ing phenol-formaldehyde (PF) binder/glass fiber composi-
tion for one or more of the following: product emissions,
density, loss on 1gnition, thickness recovery, dust, tensile
strength, parting strength, durability of parting strength, bond
strength, water absorption, hot surface performance, corro-
stvity on steel, flexural rigidity, stifiness-rigidity, compres-
stve resistance, conditioned compressive resistance, com-
pressive modulus, conditioned compressive modulus, and
smoke development on 1gnition. The results of these tests are
shown 1n Tables 8-13. Also determined were the gaseous
compounds produced during pyrolysis of cured blanket from
Example 8, and the gaseous compounds produced during
thermal curing of pipe insulation uncured from Example 12;
these testing results are shown 1n Tables 14-15. Hot surface
performance for cured pipe insulation 1s shown in FIG. 5 and
FIG. 6. Specific tests conducted and conditions for performs-
ing these tests are as follows:

Product Emissions Testing

Product emissions for cured blanket from Example 8 and
air duct board from Example 9 were determined 1n accor-
dance with AQS Greenguard Testing procedures. The 1nsula-
tion products were monitored for emissions of total volatile
organic compounds (TVOCs), formaldehyde, total selected
aldehydes 1n accordance with ASTM D5116 (*“Standard
Guide for Small-Scale Environmental Chamber Determina-
tions of Organic Emissions from Indoor Materials/Prod-
ucts”), the United States Environmental Protection Agency
(USEPA), and the State of Washington IAQ Specification of
January, 1994. The emission data were collected over a one-
week exposure period and the resultant air concentrations
were determined for each of the aforementioned substances.
Air concentration predictions were computer monitored
based on the State of Washington requirements, which
include a standard room loading and ASHRAE Standard
62-1999 ventilation conditions. Product loading 1s based on
standard wall usage of 28.1 m” in a 32 m” room.

Emissions Testing—Selected Aldehydes

The msulation products were tested 1n a small-sized envi-
ronmental chamber 0.0855 m” in volume with the chemical
emissions analytically measured. Emission of selected alde-
hydes, including formaldehyde, were measured following
ASTM D5197 (*“Standard Test Method for Determination of
Formaldehyde and Other Carbonyl Compounds 1n Air (Ac-
tive Sampler Methodology)) using high performance liquid
chromatography (HPLC). Solid sorbent cartridges with 2,4-
dinitrophenylhydrazine (DNPH) were used to collect form-
aldehyde and other low-molecular weight carbonyl com-
pounds 1n the chamber air. The DNPH reagent in the cartridge
reacted with collected carbonyl compounds to form the stable
hydrazone derivatives retained by the cartridge. The hydra-
zone derivatives were eluted from a cartridge with HPLC-
grade acetonitrile. An aliquot of the sample was analyzed for
low-molecular weight aldehyde hydrazone derivatives using
reverse-phase high-performance liquid chromatography
(HPLC) with UV detection. The absorbances of the deriva-
tives were measured at 360 nm. The mass responses of the
resulting peaks were determined using multi-point calibra-
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tion curves prepared from standard solutions of the hydra-
zone derivatives. Measurements are reported to a quantifiable
level 01 0.2 ug based on a standard air volume collection o145
L.

Emissions Testing—Volatile Organic Compounds (VOC)

VOC measurements were made using gas chromatography
with mass spectrometric detection (GC/MS). Chamber air
was collected onto a solid sorbent which was then thermally
desorbed nto the GC/MS. The sorbent collection technmique,
separation, and detection analysis methodology has been
adapted from techniques presented by the USEPA and other
researchers. The technique follows USEPA Method 1P-1B
and 1s generally applicable to C.-C, ;. organic chemicals with
a boiling point ranging from 35° C. to 250° C. Measurements
are reported to a quantifiable level of 0.4 ug based on a
standard air volume collection of 18 L. Individual VOCs were
separated and detected by GC/MS. The total VOC measure-
ments were made by adding all individual VOC responses
obtained by the mass spectrometer and calibrating the total
mass relative to toluene.

Emissions Testing—Air Concentration Determinations

Emission rates of formaldehyde, total aldehydes, and
TVOC were used 1n a computer exposure model to determine
the potential air concentrations of the substances. The com-
puter model used the measured emission rate changes over
the one-week time period to determine the change in air
concentrations that would accordingly occur. The model
measurements were made with the following assumptions:
air with open oflice areas 1n the building 1s well-mixed at the
breathing level zone of the occupied space; environmental
conditions are maintained at 50% relative humidity and 73° F.
(23° C.); there are no additional sources of these substances;
and there are no sinks or potential re-emitting sources within
the space for these substances. The USEPA’s Indoor Air
Exposure Model, Version 2.0, was specifically modified to
accommodate this product and chemicals of interest. Venti-
lation and occupancy parameters were provided in ASHRAE
Standard 62-1999.

Density

The density of cured blanket from Example 8 was deter-
mined in accordance with internal test method PTL-1, “Test
Method for Density and Thickness of Blanket or Batt Ther-
mal Insulation,” which test method 1s virtually i1dentical to
ASTM C 167. The density of air duct board from Example 9
was determined 1n accordance with imnternal test method PTL-
3, “Test Procedure for Density Preformed Block-Type Ther-
mal Insulation,” which test method 1s virtually 1dentical to
ASTM C 303.

Loss on Ignition (LOI)

The loss on 1gnition for cured blanket from Example 8 and
air duct board from Example 9 was determined 1n accordance
with internal test method K-157, “Ignition Loss of Cured
Blanket (ILOI).” The test was performed on a sample 1n a wire
tray placed in a furnace at 1000° F., +/-50° F., for 15 to 20
minutes to ensure complete oxidation, after which treatment
the resulting sample was weighed.

Parting Strength

The parting strength of cured blanket from Example 8, R30
residential blanket from Example 10, and R19 residential
blanket from Example 11 were determined in accordance
with internal test method KRD-161, which test method 1s
virtually identical to ASTM C 686, “Parting Strength of Min-
cral Fiber Batt and Blanket-Type Insulation.”

Durability of Parting Strength

The durability of parting strength for R30 residential blan-
ket from Example 10 and R19 residential blanket from
Example 11 were determined in accordance with ASTM C
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686, “Parting Strength of Mineral Fiber Batt and Blanket-
Type Insulation,” following one-week conditioning at 90° F.

and 95% relative humadity.
Tensile Strength

The tensile strength of cured blanket from Example 8 and
R19 residential blanket from Example 11 was determined 1n
accordance with an internal test method KRD-161, “Tensile
Strength Test Procedure.” The test was performed on samples
die cut in both the machine direction and the cross-cut
machine direction. Samples were conditioned for 24 hours at
75° F. and 50% relative humidity. Ten samples i each
machine direction were tested 1n a test environment of 75° F.,

50% relative humidity. The dogbone specimen was as speci-
fled In ASTM D638, “Standard Test Method for Tensile Prop-

erties ol Plastics.” A cross-head speed of 2 inches/minute was

used for all tests.
Bond Strength

The inter-laminar bond strength of cured blanket from
Example 8, R30 residential blanket from E

Example 10, and
R19 residential blanket from Example 11 was determined

using an internal test method KRD-139, “Bond Strength of
Fiberglass Board and Blanket Products.” Molded specimens
with a cross sectional area of 6 inches by 6 inches were glued
to 6 inch by 7 inch specimen mounting plates and placed 1n a
fixture that applied the force perpendicular to the surface of
the specimen. A cross-head speed of 12 inches per minute was
used for all tests.
Thickness Recovery

Out-of-package and rollover thickness tests were per-
formed on cured blanket from Example 8 using internal test
methods K-123, “Recovered Thickness—FEnd of Line Dead
Pin Method—Roll Products,” and K-109, “Test Procedure for
Recovered Thickness of Roll Products—Rollover Method.”
Recovered thickness was measured by forcing a pin gauge
through a sample of cured blanket from a roll product, either
15 minutes after packaging or at a later point 1n time, until the
pin contacts a flat, hard surface underlying the sample, and
then measuring the recovered thickness with a steel rule.
Thickness tests were performed on R30 residential blanket
from Example 10 and R19 residential blanket from

Example
11 using internal test methods K-120, “Test Procedure for
Determining End-of-Line Dead-Pin Thickness—Batts,” and
K-128, “Test Procedure for Recovered Thickness of Batt
Products—Drop Method,” both of which test methods are
similar to ASTM C 167, “Standard Test Methods for Thick-
ness and Density of Blanket or Batt Thermal Insulations.”

Dust Testing
Dust testing was performed on cured blanket from

Example 8, R30 residential blanket from Example 10, and
R19 residential blanket from Example 11 using internal test
procedure K-102, “Packaged Fiber Glass Dust Test, Batt
Method.” Dust liberated from randomly selected samples
(bats) of cured blanket, R30 residential blanket, and R19
residential blanket dropped into a dust collection box was
collected on a filter and the amount of dust determined by
difference weighing.
Water Absorption

Water absorption (% by weight) tests were performed on
cured blanket from Example 8 and R19 residential blanket

from Example 11 using ASTM C 1104, “Test Method for
Determining the Water Vapor Absorption of Unfaced Mineral
Fiber Insulation.”

Flexural Rigidity (EI)

The flexural rigidity of air duct board from Example 9,
which 1s the force couple required to bend the rigid air duct
board, 1.e., the product of E, the modulus of elasticity, and 1,
the bending moment of inertia, was determined 1n accordance
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with NAIMA AHS 100-74, “Test Method for Flexura) Rigid-

ity of Rectangular Rigid Duct Materials.”

Stiflness-Rigidity

Stifiness-rigidity testing was performed on R19 residential
blanket from Example 11 using internal test procedure
K-117, “Test Procedure for Rigidity of Building Insulation.”
A sample of R19 residential blanket, approximately 47.5

inches 1n length (+0.5 inch), was placed on the center support
bar of a stiffness test apparatus, which apparatus included a

protractor scale directly behind the center support bar. With
the ends of the sample hanging free, the angle (1n degrees) at
cach end of the sample was recorded by sighting along the
bottom edge of the sample while reading the protractor scale.
Compressive Resistance

The compressive resistance of air duct board from
Example 9 was determined 1n accordance with ASTM C 1635,
“Standard Test Method for Measuring Compressive Proper-
ties of Thermal Insulations.”
Conditioned Compressive Resistance

The conditioned compressive resistance of air duct board
from Example 9, after one week at 90° F. and 95% relative
humidity, was determined 1n accordance with ASTM C 165,
“Standard Test Method for Measuring Compressive Proper-
ties of Thermal Insulations.”
Compressive Modulus

The compressive modulus of air duct board from Example
9 was determined 1n accordance with ASTM C 165, “Stan-
dard Test Method for Measuring Compressive Properties of
Thermal Insulations.”
Conditioned Compressive Modulus

The conditioned compressive modulus of air duct board
from Example 9, after one week at 90° F. and 95% relative
humidity, was determined 1n accordance with ASTM C 165,
“Standard Test Method for Measuring Compressive Proper-
ties of Thermal Insulations.”
Hot Surface Performance

Hot surface performance tests were performed on cured
blanket from Example 8, R30 residential blanket from
Example 10, and R19 residential blanket from Example 11
using ASTM C 411, “Test Method for Hot Surface Perfor-
mance of High Temperature Thermal Insulation.” Hot surface
performance tests were conducted on 3x6-inch sections of
cured pipe mnsulation product from Example 12 at 650° F. and
1000° F. using ASTM C 411, “Test Method for Hot Surface
Performance of High Temperature Thermal Insulation.”
There was no measurable internal temperature rise in the
isulation above the pipe hot surface temperature.
Corrosivity on Steel

Corrosivity testing was performed on R30 residential blan-
ket from Example 10 and R19 residential blanket from
Example 11 versus steel coupons using internal test proce-
dure Knauf PTL-14, which 1s virtually identical to ASTM C
663.
Smoke Development on Ignition

Smoke development on 1gnition for cured blanket from
Example 8, with calculation of specific extinction area
(SEA), was determined by cone calonmetry using ASTM E
1354, “Test Method for Heat and Visible Smoke Release
Rates for Materials and Products Using an Oxygen Consump-
tion Calorimeter.”
Gaseous Compounds Produced During Pyrolysis

Gaseous compounds producing during pyrolysis of cured
blanket from Example 8 were determined as follows:
Approximately 10 gof cured blanket was placed 1n a test tube,
which tube was then heated to 1000° F. for 2.5 minutes at
which time the headspace was sampled and analyzed by gas
chromatography/mass spectrometry (GC/MS) under the fol-
lowing conditions: Oven, 50° C. for one minute—10°
C./minute to 300° C. for 10 minutes; Inlet, 280° C. splitless;
Column, HP-530 mmx0.32 mmx0.25 um; Column flow, 1.11
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ml/minute Helium; Detector, MSD 280° C.; Injection vol-
ume, 1 mL; Detector mode, scan 34-700 amu; Threshold, 50;

and Sampling Rate, 22 scans/second. A computer search of

the mass spectrum of a chromatographic peak in the sample
was made against the Wiley library of mass spectra. The best
match was reported. A quality index (closeness of match to
the library spectra) ranging from 0 to 99 was generated. Only
the 1dentity of peaks with a quality index of greater than or
equal to 90 were reported.

Gaseous Compounds Produced During Thermal Curing,

TABL.

34

H 2-continued

Elemental Analysis Results for Cured Triammonium Citrate-Dextrose
(1:6) Binder Samples® as a Function of Temperature and Time

Elemental

Cure Temp Cure Time Analysis

10

Gaseous compounds producing during thermal curing of

pipe msulation uncured from Example 12 were determined as
tollows: Approximately 0.6 g of pipe mnsulation uncured was
placed 1n a test tube, which tube was then heated to 540° F. for
2.5 minutes at which time the headspace was sampled and
analyzed by gas chromatography/mass spectrometry under
the following conditions: Oven, 50° C. for one minute—10°
C./minute to 300° C. for 10 minutes; Inlet, 280° C. splitless;
Column, HP-5 30 mmx0.32 mmx0.25 um; Column flow, 1.11
ml./minute Helium; Detector, MSD 280° C.; Injection vol-
ume, 1 mL.; Detector mode, scan 34-700 amu; Threshold, 50;

15

20

and Sampling Rate, 22 scans/second. A computer search of

the mass spectrum of a chromatographic peak 1n the sample
was made against the Wiley library of mass spectra. The best
match was reported. A quality index (closeness of match to
the library spectra) ranging from 0 to 99 was generated. Only
the 1dentity of peaks with a quality index of greater than or
equal to 90 were reported.

TABL

L1

1

25

300° L.

350° L.

350° L.

350° L.

400° F.

400° F.

400° F.

1 hour

0.5 hour

0.5 hour

0.5 hour

0.33 hour

0.33 hour

0.33 hour

Testing/Evaluation Results for Cured Triammonium citrate-Dextrose Binder Samples®

Carbon
Hydrogen
Nitrogen

Carbon
Hydrogen
Nitrogen
Carbon
Hydrogen
Nitrogen
Carbon
Hydrogen
Nitrogen

Carbon
Hydrogen
Nitrogen
Carbon
Hydrogen
Nitrogen
Carbon
Hydrogen

Elemental Analysis Results

50.35%
5.41%
4.18%

52.55%
5.20%
4.25%

534.19%
5.08%
4.40%

52.86%
5.17%

4.24%

54.35%
5.09%
4.45%

535.63%
5.06%
4.58%

56.10%
4.89%

BINDER COMPOSITION Wet Water
Triammonium citrate”:Dextrose* H,O° Strength Color
Mass Ratio Mole Ratio® COOH:OH Ratio? (400° F.) (400° F.)
1:24 (1:30) 0.02:1 Dissolved Light
caramel-
colored
1:12 (1:15) 0.04:1 Impervious  Clear and
colorless
1:8 (1:10) 0.06:1 Impervious  Clear and
colorless
1:6 (1:7) 0.08:1 Impervious  Clear and
colorless
1:5 (1:6) 0.10:1 Impervious  Clear and
colorless
1:4¢ (1:5)¢ 0.12:1¢ Impervious  Clear and
colorless
1:3¢ (1:4)¢ 0.15:1¢ Impervious  Clear and
colorless

“From Example 1

"MW = 243 g/mol; 25% (weight percent) solution
‘MW =198 g/mol; 25% (weight percent) solution
dAppmximate

®Associated with distinct ammonia smell

TABL.

L1

2

Elemental Analysis Results for Cured Triammonium Citrate-Dextrose
(1:6) Binder Samples® as a Function of Temperature and Time

Wet
Strength

(350° F.)

Dissolved

Dissolved
Partially
Dissolved
Softened
Softened
Softened

Softened

55

Water
Color

(350° F.)

Light
caramel-
colored
Caramel-
colored
Caramel-
colored
Clear
yellow
Clear
yellow
Clear
yellow
Clear

orange

Wet Water
Strength  Color
(300°E.) (300° L)
Dissolved Light
caramel-
colored
Dissolved Caramel-
colored
Dissolved Caramel-
colored
Dissolved Caramel-
colored
Dissolved Caramel-
colored
Dissolved Caramel-
colored
Dissolved Caramel-
colored

Avg:

Avg.

TABLE 2-continued

C:H

9.31

8.97
10.10

10.67

10.22

10.33
10.6%

10.99

11.47

C:N

12.04

11.98
12.36

12.31

12.47

12.38
12.21

12.15

12.06

Elemental Analysis Results for Cured Triammonium Citrate-Dextrose

(1:6) Binder Samples® as a Function of Temperature and Time

Elemental Elemental Analysis Results
Cure Temp Cure Time Analysis C:H C:N
300° L. 1 hour Carbon 48.75% 8.70 11.89
Hydrogen 5.60%
Nitrogen 4.10%
300° L. 1 hour Carbon 49.477% 8.91 12.00
Hydrogen 5.55%
Nitrogen 4.12%

60

Elemental

Cure Temp Cure Time Analysis

65

“From Example 4

Nitrogen

Elemental Analysis Results

4.65%

Avg.

C:H

11.05

C:N

12.14
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TABLE 3 TABLE 3-continued

(L]

Measured Tensile Strength for Glass Bead Shell Bone Compositions®

Prepared With Triammonium Citrate-Dextrose (1:6) Binder” vs.
Standard PI Binder

Measured Tensile Strength for Glass Bead Shell Bone Compositions®

Prepared With Triammonium Citrate-Dextrose (1:6) Binder” vs.
Standard PIF Binder

5
Mean® Mean®
Weathered:Dry Mean® Dry Weathered Weathered:Dry Mean® Dry Weathered
Tensile Tensile Tensile Tensile Tensile Tensile
Strength Strength  Strength Strength Strength ~ Strength
Binder Description Ratio (psi) (psi) Binder Description Ratio (psi) (psi1)
10

Triammonium Citrate-Dextrose® 0.71 286 202 SILQUEST A-187 silane 0.71 351 250
Triammonium Citrate-Dextrose? 0.76 368 281 substituted 2:1 by weight for
Triammonium Citrate-Dextrose?® 0.79 345 271 SILQUEST A-1101
Triammonium Citrate-Dextrose? 0.77 333 256 HYDROSIL 2627 silane 0.87 337 293
Triammonium Citrate-Dextrose® 0.82 345 284 substituted 1:1 by weight for
Triammonium Citrate-Dextrose? 0.75 379 286 5 SILQUEST A-1101
Triammonium Citrate-Dextrose? 0.74 447 330 HYDROSIL 2627 silane 0.99 316 312
Triammonium Citrate-Dextrose® 0.76° 358° 2773¢ substituted 2:1 by weight for
Triammonium Citrate-Dextrose: SILQUEST A-1101

Z-6020 silane substituted 1:1 by 0.78 357 279
Day Binder Made 0.79 345 271 welght for SILQUEST A-1101
1 Day After Binder Made 0.76 352 266 Z-6020 silane substituted 2:1 by 0.78 373 291
2 Day After Binder Made 0.72 379 272 20 welght for SILQUEST A-1101
1 Week After Binder Made 0.88 361 316 Standard PF (Ductliner) Binder 0.79 637 505
2 Weeks After Binder Made 0.82 342 280

Triammonium citrate-Dextrose
with Silane Substitution:

“From Example 6
*From Example 5

“Mean of nine shell bone samples

SILQUEST A-187 silane 0.69 324 222 25 “One of seven different batches of triammonium citrate-dextrose (1:6) binder made over a

: : : five-month period
substituted 1:1 HJY weight for “Average of seven different batches of triammonium citrate-dextrose (1:6) binder made over
SILQUEST A-1101

a five-month period

TABLE 4

Measured Tensile Strength for Glass Bead Shell Bone Compositions®
Prepared With Triammonium Citrate-Dextrose (1:6) Binder Variants® vs.
Standard PF Binder

Quantity of Mean® Mean®
Additive in Weathered:Dry  Dry  Weathered
300 g of Tensile Tensile  Tensile
binder Strength Strength  Strength
Binder Description (grams) Ratio (pst) (pst)
Triammonium citrate-Dextrose? — 0.769 3587 2734
Triammonium citrate-Dextrose
with Additive:
Silres BS 1042° 1.6 0.84 3%1 325
Silres BS 1042 3.2 0.94 388 363
Silres BS 1042 4.8 1.01 358 362
Sodium Carbonate 0.45 0.8% 281 248
Sodium Carbonate 0.9 0.71 339 242
Sodium Carbonate 1.35 0.%9 282 251
Silres BS 1042 + Sodium Carbonate 1.6 +1.35 0.84 335 280
Silres BS 1042 + Soduum Carbonate 3.2+0.9 0.93 299 277
Silres BS 1042 + Sodmuum Carbonate 4.8 + 0.48 0.73 368 270
Sodium Carbonate’ 0.9 0.83 211 175
Sodium Carbonate’ 0.9 0.69 3R7 266
Sodium Carbonate 1.8 0.81 222 180
Sodium Carbonate® 1.8 0.66 394 259
LE 46" 6.4 0.80 309 248
LE 46 12.9 0.98 261 256
TPX5688/ AQUA-TRETE BSM40’ 5.6 0.78 320 250
Silres BS 1042 6.4 0.91 308 280
Trimethylmethoxysilane 0.9 0.78 262 205
Potassium Permanganate 0.2 0.69 302 207
PGN 9 0.82 246 201
Cloisite NA+* 9 0.71 280 199
Blown Soya Emulsion (25%)’ 18 1.04 239 248
Flaxseed Oi1l Emulsion (25%) 18 0.90 362 326
Bentolite 1L.-10™ 9 1.00 288 288
Michem 45745 PE Emulsion (50%)" 9 0.%81 335 270
Bone Glue Solution® 15 0.82 435 358
Tannic Acid 4.5 0.79 474 375
Glycine 4.5 0.80 346 277
Glycerol 5.28 0.69 361 249
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Measured Tensile Strength for Glass Bead Shell Bone Compositions®

Prepared With Triammonium Citrate-Dextrose (1:6) Binder Variants” vs.
Standard PIF Binder

Binder Description

Sodium Tetraborate Decahydrate +
Glycerol

Sodium Tetraborate Decahydrate 1%
Sodium Tetraborate Decahydrate 2%
Sodium Tetraborate Decahydrate 3%
Axel INT-26-LF95%

ISO Chill Whey? 1%

ISO Chill Whey 2%

ISO Chill Whey 5%

Resorcinol 5%

Maltitol

Standard PF (Ductliner) Binder

“From Example 6
’From Example 5
“Mean of nine shell bone samples

Quantity of

Additive 1n

300 g of
binder

(grams)

0.9 +4.5

0.9
1.8
2.5
0.9
0.9
1.8
4.5
4.5
3.23

Mean® Mean®
Weathered:Dry  Dry  Weathered
Tensile Tensile  Tensile
Strength Strength  Strength
Ratio (psi1) (ps1)
0.74 378 280
0.86 387 331
0.80 335 267
0.84 334 282
0.70 374 263
0.74 444 328
1.01 407 412
NC” 473 NM?*
0.76 331 251
0.82 311 256
0.79 637 505

dﬂwerage of seven different batches of triammonium citrate-dextrose (1:6) binder made over a five-month period

“Silres BS 1042 to be 50% solids emulsion of methylhydrogen polysiloxane

fReplicate samples
SReplicate sample

"LE 46 to be 35% solids emulsion of polydimethylsiloxane

'TPX 5688/ AQUA-TRETE BSM40 to be 40% emulsion of alkylsilane

jPGN, a grade of clay, montmorillonite, from Nanocor

“Cloisite NA+, the sodium salt of a clay from Southern Clay Products
‘Blown Soya Emulsion (25%), a 25% solids emulsion of soybean o1l with PEG 400 dioleate (4% on solids) and

guar gum (1% on solids)

"Bentolite L-10, a clay from Southern Clay Products
"Michem 45745 PE Emulsion (50%), a 25% solids emulsion of low molecular weight polyethylene

“Bone Glue Solution, a 30% solids solution

PAxel INT-26-LEF95, a fat-based, mold-release agent/emulsion

SO Chill Whey 9010
"Not calculated

*Not measured

TABL.

R
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Measured Tensile Strength for Glass Bead Shell Bone Compositions®
Prepared With Ammonium Polycarboxylate-Dextrose Binder Variants®
vs. Polycarboxylic Acid-based Binders vs. Standard PF Binder

Weathered:Dry

Tensile
Strength
Binder Description Ratio
Triammonium citrate- 0.76%
dextrose (1:6)7
Triammonium citrate- 0.68%
dextrose (1:5)
+Sodium carbonate (0.9 g) 0.71
+Sodium carbonate (1.8 g) 0.78
AQUASET-529 + Dex + 0.41
Ammonia®
AQUASET-529 + Dex + Silane’ 0.57
AQUASET-529 + Ammonia + 0.11
Silane®
AQUASET-529 + Silane” 0.48
PETol + Maleic Acid + Silane’ 0.73
PETol + Maleic Acid + 0.64
TSA + Silane/
[Binder + Ammonia + 0.58
Dex + Silane]*
PETol + Citric Acid + Silane’ 0.56
CRITERION 2000 + Glycerol™ 0.26
CRITERION 2000 + Glycerol® 0.20
SOKALAN + Dex + Ammonia® 0.66

Mean

Dry

&

Tensile
Strength

(psi)

3584

377

341
313
499

541
314

605
054
614

420

539
532
472
664

[

Mean
Weathered
Tensile

Strength
(psi)

2734
257

243
243
205

306
33

293
477
390

245

303
136

95
437

TABLE 5-continued

40 Measured Tensile Strength for Glass Bead Shell Bone Compositions®
Prepared With Ammonium Polycarboxylate-Dextrose Binder Variants”
vs. Polycarboxvlic Acid-based Binders vs. Standard PF Binder
Mean® Mean®
Weathered: Dry Dry Weathered
45 Tensile Tensile Tensile
Strength Strength ~ Strength
Binder Description Ratio (psi) (ps1)
NF1 + Dex + Ammonia? 0.50 877 443
Standard PF (Ductliner) Binder 0.79 637 505

30 aprom Example 6

’From Example 5
“Mean of nine shell bone samples

dﬂverage of seven different batches of triammonium citrate-dextrose (1:6) binder made over
a five-month period

€200 g AQUASET-529 + 87 g 19% ammonia + 301 g Dextrose + 301 g water to be a 30%

jsﬂluticrn _ _
300 mL of solution from binder® + 0.32 g of SILQUEST A-1101

200 g AQUASE'T-529 + 87 g 19% ammomnia + 101 g water + 0.6 g SILQUEST A-1101
PAQUASET-529 + SILQUEST A-1101 (at 0.5% binder solids), diluted to 30% solids

'136 g pentaerythritol + 98 g maleic anhydride + 130 g water, refluxed for 30 minutes; 232

ﬁ of resulting solution mixed with _I?ODE water and 0.6 g of SILQUEST A-1101
36 g pentacrythritol + 98 g maleic anhydride + 130 g water + 1.5 mL of 66% p-toluene-

sulfonic acid, refluxed for 30 minutes; 232 g of resulting solution mixed with 170 g water and

9.6(% of SILQUEST A-1101 _
220 g of binder’ + 39 g of 19% ammonia + 135 g Dextrose + 97 g water + 0.65 g SILQUEST

-1101
128 g of citric acid + 45 g of pentaerythritol + 125 g of water, refluxed for 20 mmutes;

resulting mixture diluted to 30% solids and SILQUEST A-1101 added at 0.5% on solids
7200 g of Kemira CRITERION 2000 + 23 g glycerol + 123 g water + 0.5 ¢ SILQUEST

A-1101
7200 g of Kemira CRITERION 2000 + 30 g glycerol + 164 g water + 0.6 g SILQUEST

A-1101
“100 g of BASF SOKALAN CP 10 S + 57 g 19% ammonia + 198 g Dextrose + 180 g water

+ 0.8 g SILQUEST A-1101 |
211 g of H.B. Fuller NF1 + 93 g 19% ammonia + 321 g Dextrose + 222 g water + 1.33 g

SILQUEST A-1101

55

60

65
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Measured Tensile Strength for Glass Bead Shell Bone Compositions®
Prepared With Ammonium Polycarboxylate-Sugar Binder Variants” vs.

Standard PF Binder

Binder Description

Triammonium citrate-Dextrose

Triammonium citrate-DHAS®

Triammonium citrate-Xylose
Triammonium citrate-Fructose

d

Diammonium tartarate-Dextrose
Diammonium maleate-Dextrose
Diammonium maliate-Dextrose
Diammonium succinate-Dextrose

Ammonium lactate/-Dextrose

Ammonia + tannic acid®-Dextrose
Standard PF (Ductliner) Binder

“From Example 6
*From Example 5

“Mean of nine shell bone samples

dAverage of seven batches
*“DHA = dihydroxyacetone
Mono carboxylate

SNon-carboxylic acid

"sH 2 7

TABL.

Molar Ratio

Dextrose = 2 x COOH

DHA =2 x COOH
Xylose = 2 x COOH

Fructose = 2 x COOH
Dextrose = 2 x COOH
Dextrose = 2 x COOH
Dextrose = 2 x COOH
Dextrose = 2 x COOH
Dextrose = 2 x COOH
Dextrose = 2 x NH,* *

(L]

7

Weathered:Dry
Tensile

Strength
Ratio

0.7649

1.02
0.75
0.79
0.76
0.78
0.67
0.70
0.68
0.50
0.79

40

Measured Tensile Strength and Loss on Ignition for Glass Fiber Mats®

Prepared With Ammonium Polycarboxylate-Sugar (1:6) Binder Variants®
vs. Standard PFF Binder

Binder Composition

Triammonium citrate-Dex?
Triammonium citrate-Dex
Diammonium maliate-Dex
Diammonium maliate-Dex
Diammonium succinate-
Dex

Diammonium succinate-
Dex

Triammonium citrate-Fruc®
Triammonium citrate-Fruc
Diammonium maliate-Fruc
Diammonimum maliate-Fruc
Diammonium succlnate-
Fruc

Diammonium succinate-
Fruc

Triammonium citrate-DHA/
Triammonium citrate-DHA
Triammonium citrate-DHA-
Glycerol®

Triammonium citrate-DHA-
Glycerol®

Triammonium citrate-DHA-
PETol”

Triammonium citrate-DHA-
PETol”

Triammonium citrate-DHA-
PVOH®

Triammonium citrate-DHA-
PVOH’

Weathered:Dry Tensile

Mean

%
LOI

5.90
0.69
5.02
0.36
5.12

4.97

5.80

5.96

0.01

5.74

4.60

4.13

4.45

4.28

3.75

3.38

4.96

5.23

5.11

5.23

Tensile

Strength
Ratio

0.63
0.72
0.86
0.78
0.61

0.76

0.57

0.60

0.60

0.71

1.05

0.79

0.96

0.74

0.52

0.59

0.61

0.65

0.74

0.85

Mean*
Dry Mean®
Weathered
Strength  Tensile
(Ib Strength
force)  (lb force)
11.4 7.2
14.6 10.5
10.2 8.8
10.6 8.3
8.0 4.9
7.5 5.7
11.9 6.8
11.4 6.8
9.0 54
7.9 5.6
3.7 3.9
4.4 3.5
4.7 4.5
54 4.0
8.5 4.4
8.0 4.7
10.7 6.5
9.4 6.1
15.7 11.6
14.9 12.6

Mean® Mean®
Dry  Weathered
Tensile Tensile
Strength  Strength
(ps1) (pst)
3584 2734
130 132
322 241
363 286
314 239
393 308
49 280
400 281
257 175
395 199
637 505
TABLE 7-continued
30

Measured Tensile Strength and Loss on Ignition for Glass Fiber Mats®
Prepared With Ammonium Polycarboxylate-Sugar (1:6) Binder Variants®
vs. Standard PF Binder

Mean®
Dry Mean®
35 Weathered:Dry Tensile Weathered
Mean Tensile Strength  Tensile
% Strength (Ib Strength
Binder Composition LOI Ratio force)  (lb force)
Standard PF Binder 7.22 0.75 15.9 12.0
Standard PF Binder 8.05 0.75 18.8 14.2

40

“From Example 7
*From Example 5
“Mean of three glass fiber mats
“Dex = Dextrose
“Fruc = Fructose
45 /DHA = Dihydroxyacetone
5Glycerol substituted for 25% of DHA by weight
"PETol = Pentaerythritol substituted for 25% of DHA by weight

'PVOH = Polyvinyl alcohol (86-89% hydrolyzed polyvinyl acetate, MW ~ 22K-26K),
substituted for 20% of DHA by weight

"Ductliner binder

50
TABLE 8
Testing Results for Cured Blanket from Example ¥: Triammonium citrate-
Dextrose (1:6) Binder vs. Standard PF Binder
55
Melanoidin- PI Binder-
Fiberglass Fiberglass
Cured Cured BINDER %o
Blanket Blanket of
TEST “BINDER” “STANDARD” STANDARD
0 Density 0.65 0.67 97%
Loss on Ignition (%) 13.24% 10.32% 128%
Thickness Recovery 1.46 1.59 92%
(dead, 1n.)
Thickness Recovery 1.55 1.64 949
(drop, 1n.)
63 Dust (mg) 8.93 R.80 102%

Tensile Strength
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TABLE 8-continued
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TABLE 10

Testing Results for Cured Blanket from Example 8: Triammonium citrate-

Dextrose (1:6) Binder vs. Standard PF Binder Testing Results for Air Duct Board from Example 9: Triammonium

citrate-Dextrose (1:6) Binder vs. Standard PF Binder

Melanoidin- PF Binder- d
Fiberglass Fiberglass
Cured Cured BINDER % Melanoidin- PF Binder-
Blanket Blanket of Fiberglass Fiberglass BINDER
TEST “BINDER” “STANDARD” STANDARD Air Duct Board  Air Duct Board % of
(Ib/in. width) 10 TEST “BINDER”  “STANDARD” STANDARD
Machine Direction 2.77 3.81 3% Density 470 466 101%
Cross Machine Dir. 1.93 2.33 83%
11 0 0 0 0
Avg, 515 107 1604 Loss on Ignition (%) 18.5% 16.8% 110%
Parting Strength (g/g) Flexural Rigidity
L5 (Ib in%/in width)
Machine Direction 439.22 511.92 86%
Cross Machine Direction 315.95 468.99 67% | -
Avg. 377.50 490 .46 7704 Machine Direction 724 837 86%0
Bond Strength (1b/ft?) 11.58 14.23 81% Cross Machine Dir. 550 544 101%
Water AbS.DI'ptiDIl 1.24% 1.06% 116% 20 AVg 637 691 Q204
(76 by weight) C ive (psi 0.67 0.73 920
Hot Surface Performance Pass Pass — Ompressive (psi) ' ' °
Product Emissions Resistance at 10%
(at 96 Hours} Compressive (psi) 1.34 1.34 100%
. 0
Total VOCs (ug/m?) 0 5 0% < Resistance at 20%
Total HCHO (ppm) 0 56 0% Conditioned 0.719 0.661 109%
Total Aldehydes (ppm) 6 56 11% Compressive (psi)
Resistance at 10%
Conditioned 1.31 1.24 106%
TABLE 9 30 Compressive (psi)
Smoke Development on Ignition for Cured Blanket from Example 8: Resistance at 20%
Triammonium citrate-Dextrose (1:6) Binder vs. Standard PF Binder Compressive 0.85 7.02 97%
Averase SEA? Modulus (psi)
33 Conditioned 6.57 6.44 102%
External Melanoidin-Fiberglass PF Binder-Fiberglass Compressive Modulus
Heat Flux Cured Blanket Cured Blanket
(pst)
2 2 2
35 l«:“«‘\.f/m2 2,396 mz/kg 4,923 mz/kg Product Emissions
35 kW/m 1,496 m“/kg 11,488 m“/kg
35 kW/m? 3,738 m?/kg 6,848 m>/kg (at 96 Hours)
Overall Avg, = 2,543 m°/ke Overall Avg, = 7,756 m*/kg 40
50 kW/m? 2,079 m*/ke 7,305 m°/kg . i
50 kW/m? 1,467 m*/kg , 1,156 m*/kg . Total HCHO (ppm) 0.007 0.043 16%
Overall Avg. = 2,294 m~/k Overall Avg. =4,979 m“/k
VERE AVE, = £,£7% T RS YRR AVE = Mo I IRE Total Aldehydes (ppm) 0.007 0.043 16%
“SEA = specific extinction area 45
TABLE 11
Testing Results for R30 Residential Blanket from Example 10:
Triammonium citrate-Dextrose (1:6) Binder vs. Standard PF Binder
PF
Binder” Binder” Binder® Binder
Test (% of Std) (% of Std) (% of Std) Std
Thickness recovery
(dead, 1n.):
1 week 10.05 (97%) 10.36 (99%) 9.75 (94%) 10.38
6 week 7.17 (91%) 7.45 (94%) 7.28 (92%) 7.90
Thickness recovery
(drop, 1n.):
1 week 11.06 (101%) 4.23 (102%) 11.01 (100%) 11.00
6 week 9.07 (101%) 9.06 (101%) 9.31 (103%) 8.99
Parting Strength (g/g)
Machine Direction 214.62 (78%) 186.80 (68%) 228.22 (83%) 275.65
Cross Machine 219.23 (75%) 202.80 (70%) 210.62 (72%) 290.12

Direction



43

TABLE 11-continued
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Testing Results for R30 Residential Blanket from Example 10:
Triammonium citrate-Dextrose (1:6) Binder vs. Standard PF Binder

44

PF
Binder® Binder” Binder® Binder
Test (% of Std) (% of Std) (% of Std) Std
Average 216.93 (77%) 194.80 (69%) 219.42 (77%) 282.89
Durability of Parting
Strength (g/g)
Machine Direction 214.62 (84%) 209.54 (82%) 259.58 (102%) 254.11
Cross Machine 219.23 (87%) 204.12 (81%) 221.44 (88%) 252.14
Direction
Average 216.93 (86%) 206.83 (82%) 240.51 95%) 253.13
Bond Strength (1b/ft2) 1.86 (84%) NM¢? NM¢< 2.20
Dust (mg) 0.0113 (79%) 0.0137 (96%) 0.0101 (71%) 0.0142
Hot Surface Performance Pass Pass Pass Pass
(pass/fail)
Corrosivity (steel) Pass Pass Pass NM¢“
(pass/fail)
“Melanoidin binder; nominal machine condition to produce loss on ignition of 5%
"Melanoidin binder; machine adjustment to increase loss on 1gnition to 6.3%
“Melanoidin binder; machine adjustment to increase loss on ignition to 6.6%
“Not measured
TABLE 12 23 TABLE 12-continued
Testing Results for R19 Residential Blanket from Example 11 Testing Results for R19 Residential Blanket from Example 11
(Batch A-1): Triammonium citrate-Dextrose (1:6) Binder vs. Standard (Batch A-1): Triammonium citrate-Dextrose (1:6) Binder vs. Standard
PF Binder PF Binder
Melanoidin- PF Binder- 30 Melanoidin- PF Binder-
Fiberglass Fiberglass Fiberglass Fiberglass
R19 R19 BINDER % R19 R19 BINDER %
Residential Residential of Residential Residential of
TEST “BINDER” “STANDARD” STANDARD TEST “BINDER” “STANDARD” STANDARD
Thickness 1 week 6.02 6.05 99% 35 Parting Strength (g/g)
R 5 k 6.15 6.67 92% . L
CCOVELY e ’ Machine Direction 128.18 173.98 74%
(dead, 1n.): 6 week 4.97 5.14 97% . L , . o
N h 6 63 690 1070 Cross Machine Direction 118.75 159.42 4%
| HHOL ' ' > Average 123.47 166.70 74%
IT{hmkness i Wﬂai 2;3 ’?f? 13; ;’ Durability of Parting
ﬂGDVE:ﬁI'y WCC . . 0 40 Stl‘EIlgth (g/g)
(drop, 1n.): 6 week 5.83 6.07 96%
3 month 7.27 6.79 107% Machine Direction 143.69 161.73 9%
Dust (mg) 2.88 8.03 36% Cross Machine Direction 127.30 149.20 5%
Tensile Strength Average 135.50 155.47 87%
(Ib/in. width) Bond Strength (1b/ft?) 1.97 2.37 83%
Water Absorption (%) 7.1 7.21 98%
Machine Direction 2.42 3.47 70% 4> Hot Surface Performance Pass Pass —
Cross Machine Dir. 2.00 3.03 66% Corrosion Pass Pass —
Average 771 395 6% Stiffness-Rigidity 49.31 44.94 110%
TABLE 13
Testing Results for R19 Residential Blanket from Example 11: Triammonium citrate-Dextrose (1:6)
Binder Variants vs. Standard PF Binder
Binder Batch Binder Batch Binder Batch Binder Batch
A-2¢ B¢ D
Test (%0 of Std) (% of Std) (% of Std) (% of Std) PF Binder Std.
Thickness recovery
(dead, in.):
1 week 5.94 (99%) 5.86 (98%) 6.09 (101%) 6.25 (104%) 6.01
6 week 4.86 (91%) 5.29 (99%) 5.0 (93%) 5.10 (95%)
Thickness recovery
(drop, 1n.):
1 week 6.83 (105%) 6.7025 (103%) 6.81 (104%) 6.88 (105%) 6.00
6 week 5.76 (96%) 6.02 (100%) 5.89 (98%) 6.00 (100%)
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TABLE 13-continued
Testing Results for R19 Residential Blanket from Example 11: Triammonium citrate-Dextrose (1:6)
Binder Variants vs. Standard PF Binder
Binder Batch Binder Batch Binder Batch Binder Batch
A-2¢ B“ Ce D?
Test (% of Std) (% of Std) (% of Std) (% of Std) PF Binder Std.
Tensile Strength (1b/in)
Machine Direction 1.28 (36%) 1.40 (39%) 1.71 (48%) 1.55 (43%) 3.58
Cross Machine Direction 1.65 (71%) 1.21 (52%) 1.12 (48%) 1.12 (48%) 2.31
Average 1.47 (50%) 1.31 (44%) 1.42 (48%) 1.34 (45%) 2.95
Parting Strength (g/g)
Machine Direction 111.82 (42%) 164.73 (62%) 136.00 (51%) 164.56 (62%) 264.81
Cross Machine Direction 140.11 (85%) 127.93 (78%) 126.46 (77%) 108.44 (66%) 164.60
Average 125.97 (59%) 146.33 (68%) 131.23 (61%) 136.50 (64%) 214.71
Durability of Parting Strength
(g/g)
Machine Direction 138.55 (72%) 745.62 (76%) 113.37 (59%) 176.63 (92%) 191.20
Cross Machine Direction 158.17 (104%) 116.44 (77%) 97.10 (64%) 162.81 (107%) 151.49
Average 148.36 (86%) 131.03 (76%) 105.24 (61%) 169.72 (99%) 171.35
Bond Strength (1b/ft2) 1.30 (52%) 1.50 (60%) 1.60 (64%) 1.60 (64%) 2.50
Dust (mg) 0.0038 (86%) 0.0079 (179%) 0.0053 (120%) 0.0056 (126%) 0.0044
Stiffness-Rigidity (degrees) 57.50 (N/A) 55.50 (N/A) 61.44 (N/A) 59.06 (N/A) 39.38
“Melanoidin binder
TABLE 14 TABLE 15-continued

GC/MS Analysis of Gaseous Compounds Produced During Pyrolysis of
Cured Blanket (from Example 8) Prepared With Ammonium Citrate-

Dextrose (1:6) Binder

Retention Time (min) Tentative Identification % Peak Area
1.15 2-cyclopenten-1-one 10.67
1.34 2,5-dimethyl-furan 5.84
3.54 furan 2.15
3.60 3-methyl-2,5-furandione 3.93
4.07 phenol 0.38
4.89 2,3-dimethyl-2-cyclopenten-1-one 1.24
5.11 2-methyl phenol 1.19
542 4-methyl phenol 2.17
6.46 2., 4-dimethyl-phenol 1.13

10.57 dimethylphthalate 0.97

17.89 octadecanoic acid 1.00

22.75 erucylamide 9.72
TABLE 15

GC/MS Analysis of Gaseous Compounds Produced During

Thermal Curing of Pipe Insulation Uncured (from Examp.

With Ammonium Citrate-Dextrose (1:6) Binder

e 12) Prepared

Retention Time (min) Identification % Peak Area
1.33 2,5-dimethylfuran 1.02
2.25 furtfural OR 3-furaldehyde 2.61
2.48 2-furanmethanol OR 3- 1.08

furanmethanol
3.13 1-(2-furanyl)-ethanone 0.52
3.55 furan 4.92
3.62 2-pyridinecarboxyaldehyde 0.47
3.81 5-methylfurfural 3.01
3.99 furancarboxylic acid, methyl ester 0.34
4.88 3. 4-dimethyl-2,5-furandione 0.53
541 2-furancarboxylic acid 1.01
6.37 2-amino-6-hydroxymethylpyridine 1.08
6.67 6-methyl-3-pyridinol 0.49
7.59 2-furancarboxaldehyde 0.47
7.98 picolinamide 0.24
10.34 2H-1-benzopyran-2-one 0.23
16.03 hexadecanoic acid 0.21

30

35

GC/MS Analysis of Gaseous Compounds Produced During

Thermal Curing of Pipe Insulation Uncured (from Examp.

e 12) Prepared

With Ammonium Citrate-Dextrose (1:6) Binder

Retention Time (mimn) Identification % Peak Area
17.90 octadecanoic acid 2.97
22.74 erucylamide 10.02

While certain embodiments of the present invention have

been described and/or exemplified above, it 1s contemplated
that considerable variation and modification thereof are pos-
sible. Accordingly, the present invention 1s not limited to the
40 particular embodiments described and/or exemplified herein.

The invention claimed 1s:
1. A method of making a thermal or acoustical fiberglass

insulation product, comprising:

45

50
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providing heat-resistant fibers;
spraying onto the heat-resistant fibers a formaldehyde-free

binder solution comprising
a) reactants consisting of
(1) one or more reducing sugars, a carbohydrate that
yields one or more reducing sugars 1n situ under ther-
mal curing conditions, or combinations thereof,
wherein the percent by dry weight of the reducing
sugar from reactant (1) with respect to the total weight
of reactants 1n the binder solution ranges from about
73% to about 96%,
(1) one or more organic acids or salts thereof,
(111) an amine base, and
(1v) optionally one or more non-carbohydrate polyhy-
droxy compounds,
b) one or more additives, and
¢) water; and
curing the binder disposed on the heat-resistant fibers so as
to produce the thermal or acoustical fiberglass insulation
product, wherein the fibers comprise fiberglass fibers
selected from mineral fibers and glass fibers, said fiber-
glass fibers being present in the fiberglass insulation
product in the range from about 80% to about 99% by
welght.
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2. The method of claim 1, wherein the amine base 1s
selected from the group consisting of ammonia, a primary
amine, and a secondary amine.

3. The method of claim 2, wherein the amine base 1s a
primary amine, NH,R', or a secondary amine, NHR'R”,
wherein R' and R® are each independently selected in
NHR'R?, wherein R' is alkyl which is substituted by at least
one group selected from aminoalkyl, amide, nitrile, amino,
dialkylamino, acylamino and combinations thereof, and
wherein R” is selected from alkyl, cycloalkyl, alkenyl,
cycloalkenyl, heterocyclyl, aryl, and heteroaryl, each of
which may be optionally substituted.

4. The method of claim 3, wherein the amine base 1s a
primary amine NH,R"', where R' is alkyl which is substituted
by amino.

5. The method of claim 4, wherein the one or more reduc-
ing sugars comprises dextrose.

6. The method of claim 3, wherein the amine base 1s a
primary amine NH,R", where R" is alkyl which is substituted
by at least one group selected from aminoalkyl, amide, nitrile,
amino, dialkylamino, acylamino and combinations thereof.

7. The method of claim 3, wherein the amine base 1s a
primary amine NH,R', where R' is alkyl which is substituted
by acylamino.

8. The method of claim 3, wherein the amine base 1s a
primary amine NH,R", where R" is alkyl which is substituted
by amaide.

9. The method of claim 3, wherein the amine base 1s a
primary amine NI, R', where R' is selected from alkyl,
cycloalkyl, alkenyl, cycloalkenyl, and heterocyclyl, each of
which 1s substituted by at least one group selected from ami-
noalkyl, amide, nitrile, amino, dialkylamino, acylamino and
combinations thereof.

10. The method of claim 2, wherein the amine base 1s
ammonia.

11. The method of claim 1, wherein the formaldehyde-iree
binder solution has an alkaline pH.

12. The method of claim 1, wherein the formaldehyde-free
binder solution further comprises

d) a catalyst.

13. The method of claim 12, wherein the catalyst s selected
from the group consisting of sodium hypophosphite, sodium
phosphite, potassium phosphite, disodium pyrophosphate,
tetrasodium pyrophosphate, sodium tripolyphosphate,
sodium hexametaphosphate, potasstum phosphate, potas-
sium polymetaphosphate, potasstum polyphosphate, potas-
sium tripolyphosphate, sodium trimetaphosphate, sodium
tetrametaphosphate, and mixtures thereof.

14. The method of claim 1, wherein the one or more non-
carbohydrate polyhydroxy compounds comprise monomeric
compounds.

15. The method of claim 14, wherein the one or more
non-carbohydrate polyhydroxy compounds are selected from
the group consisting of trimethylolpropane, glycerol, pen-
taerythritol, resorcinol, catechol, pyrogallol, glycollated
ureas, 1,4-cyclohexane diol, and p-dihydroxyalkylamides.

16. The method of claim 1, wherein the one or more non-
carbohydrate polyhydroxy compounds comprise polymeric
compounds.

17. The method of claim 16, wherein the one or more
non-carbohydrate polyhydroxy compounds are selected from
the group consisting of polyvinyl alcohol, partially hydro-
lyzed polyvinyl acetate, fully hydrolyzed polyvinyl acetate,
and mixtures thereof.

18. The method of claim 1, wherein the organic acid com-
prises a monomeric polycarboxylic acid.
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19. The method of claim 18, wherein the monomeric poly-
carboxylic acid comprises citric acid.

20. The method of claim 1, wherein the organic acid com-
prises a polymeric polycarboxylic acid.

21. The method of claim 1, wherein the one or more reduc-
ing sugars include at least one monosaccharide.

22. The method of claim 21, wherein the monosaccharide
1s selected from the group consisting of erythrose, threose,
erythrulose, ribose, arabinose, lyxose, ribulose, arabulose,
xylulose, lyxulose, mannose, galactose, allose, altrose,
talose, gulose, psicose, sorbose, tagatose, and sedoheptulose.

23. The method of claim 21, wherein the monosaccharide
1s selected from the group consisting of dextrose, xylose,
fructose, and dihydroxyacetone.

24. The method of claim 21, wherein the monosaccharide
comprises dextrose.

25. The method of claim 1, wherein the reactants comprise
a carbohydrate that yields one or more reducing sugars 1n situ
under thermal curing conditions which 1s selected from the

group consisting ol sucrose, lactose, maltose, starch, and
cellulose.

26. The method of claim 1, wherein the one or more addi-
tives comprise a silicon-containing coupling agent.

277. The method of claim 26, wherein the silicon-containing,
coupling agent 1s amino-substituted.

28. The method of claim 26, wherein the silicon-containing,
coupling agent 1s a silyl ether.

29. The method of claim 26, wherein the silicon-containing,
coupling agent includes at least one of gamma-aminopropy-
Itriethoxysilane, gamma-glycidoxypropyltrimethoxysilane,
aminocthylaminopropyltrimethoxysilane, and n-propy-
lamine silane.

30. The method of claim 1, wherein the one or more addi-
tives comprise a corrosion inhibitor.

31. The method of claim 30, wherein the corrosion inhibi-
tor 1s selected from the group consisting of dedusting oil,
monoammonium phosphate, sodium metasilicate pentahy-
drate, melamine, tin(Il)oxalate, and a methylhydrogen sili-
cone flud emulsion.

32. The method of claim 1, further comprising volatilizing,
the water prior to curing to form a dehydrated binder disposed
on the heat-resistant fibers.

33. The method of claim 1, wherein curing the binder forms
melanoidins disposed on the heat-resistant fibers.

34. The method of claim 1, wherein the reactants consist of
dextrose, citric acid, and ammonaia.

35. The method of claim 1, wherein reactant (1) comprises
a carbohydrate selected from the group consisting of a pen-
tose, a pentose used in combination with other reducing sug-
ars, xylose, xylose used 1n combination with other reducing
sugars, a hexose, a hexose used 1n combination with other
reducing sugars, dextrose, dextrose used 1n combination with
other reducing sugars, fructose, fructose used in combination
with other reducing sugars, sucrose, and sucrose used in
combination with monosaccharides.

36. The method of claim 1, wherein the formaldehyde-free
aqueous binder solution has been kept at or near at room
temperature prior to spraying.

37. The method of claim 1, wherein curing of the binder
OCCUrs 1n a curing oven.

38. The method of claim 1, wherein curing of the binder
comprises an initial phase of a Maillard reaction mvolving
condensing the reducing sugar with the amine base.

39. The method of claim 1, wherein curing of the binder
comprises cross-linking.

40. The method of claim 1, wherein curing of the binder
comprises production of an N-substituted glycosylamine.
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41. The method of claim 1, wherein curing of the binder
comprises 1) an 1nitial phase whereby an N-substituted gly-
cosylamine 1s produced 1n a Maillard reaction involving con-
densation of the reducing sugar with the amine base, 11) rear-
rangement of the N-substituted glycosylamine, and 111)
subsequent esterification-mediated cross-linking.

42. The method of claim 1, where curing produces the
thermal or acoustical insulation product having a brown
color.
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